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FOREWORD 


This final report aunmarlzeB a study performed for the NASA Langley 
Research Center under Contract NASI- 15568, Investigation of Low Temperature 
Forming of Beta Titanium Alloys for Supersonic Cruise Research (SCR) Applica- 
tions, for the period December 1978 to .December 1982. Hr. D. M, Royster was 
the technical monitor for NASA. Results from concurrent Lockheed Internal 
research studies on beta titanium alloys are also reported. 

The program was conducted by the Lockheed-Callfornla Company, Burbank, 
with Mr. R.S. Kaneko of the Materials and Processes Department the Project 
Leader. Lockheed personnel who made key contributions to the program were: 

Materials and Produclbllity C.M. Garcia, R.J. Reiseck 

Structures C.A. Woods, G.W. Davis, 

J.C. Ekvail, M.u. ficflaster, 

L. Young, P. Schell 

Manufacturing Research J.K. Lawson, F.H. Ruge, 

T.F. Imholz, L. Moses 

Structures and Materials Laboratory R.L. Lowe, J.H. Cox, 

T. Gillette, F. Plckel, 

W. Renslen, T.K. Mukherjl 

Quality Assurance W.W. Lenders, J.F. Crocker, 

M. J. Berg 

Creep and elevated temperature compression coupon testa were conducted 
at the Battelle Columbus Laboratories under the direction of J. Van Echo. 
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LOW-TEMPERATURE FORMING OF BETA TITANIUM ALLOYS 


Russell S. Kaneko and Carolyn At Woods 
Lockheed-Callfornla Company 


SUMMARY 

Low-cost methods for titanium structural fabrication using advanced 
cold-formable beta alloys were investigated for application in a Mach 2.7 
supersonic cruise vehicle. This work focuses on improving processing and 
structural efficiencies as compared with standard hot-formed and riveted 
construction of all T1-6A1-4V sheet structure. The principal alloy investi- 
gated was Tl-lSV-3Cr-3Sn-3Al (Tl-13-3)* and a more limited evaluation of the 
Tl-3Al-8V-6Cr-4Mo-4Zr (Beta-C) alloy was made. 

The beta alloys were readily cold-formable, brazable, and weldable in the 
solution-treated condition, and the aged mechanical properties appear suitable 
for postulated service at -65°F to 600°F. Skin/ stringer panels were made by 
a new approach whereby cold-formed beta Ti stringers and T1-6A1-4V face sheets 
were Joined using a unique out-of-furnace isothermal brazlne process, followed 
by low- temperature aging to achieve optimum properties. Structural verification 
included room and elevated temperature crippling tests of small skln/stringer 
assemblies, and column buckling, fatigue and damage-tolerance testing of 
large-scale representative wing surface panels of a supersonic cruise vehicle. 
This new methodology can reduce production costs by at least 25 percent and 
weight by 16 percent compared with the conventional T1-6A1-4V hot-formed 
and riveted assembly. 

Increasing the structural capability of beta titanium components by local 
reinforcement with continuous fiber SiC/Ti-6Al-4V metal matrix composite (MMC) 
was shown feasible using the isothermal brazing process. Conversely spot- 
weldability of the MMC was poor and requires further development to eliminate 
local composite weakening. Present costs of the MMC selective reinforcement 
concepts studied are very high. 
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INTRODUCTION 


For aeveraX years NASA haa been conducting a auperaonlc crulae research 
(SCR) program to develop a strong technology base for providing rational deci- 
sions concerning the development of future supersonic aircraft. Titanium 
alloys are of Interest to the SCR program because of their structural efficiency 
et elevated temperature. Conventional titanium sheet structure* however* has 
a history of being difficult and expensive to fabricate because of the exten- 
sive hot forming* machining* drilling and fastening Involved. Alpha-beta alloys 
possess very limited formablllty. For example* the minimum bend radius of 
T1-6A1-4V (Tl-6-4) sheet at room temperature Is about five tiroes the thickness. 
Therefore, It la usually hot formed at 1300 to ISOO^F to obtain the required 
dimensions with minimal sprlngback. 

Metastable beta titanium alloys possess a body centered cubic crystal 
lattice having a relatively large number of active slip systems that result 
In Increased ductility and the ability to be formed at* or near* room tempera- 
ture. This considerably reduces fabrication costs. Being strip reliable they 
are also more economical than alpha-beta alloys such as T1-6A1-4V produced on 
a hand mill. 

With simple aging treatments* the beta alloys can attain a higher specific 
strength than conventional alpha-beta alloys. Further weight savings are 
possible by exploiting selective cold-roll taper forming and the close toler- 
ances and long lengths achieved by continuous strip processing. 

Based on the potential structural efficiency and formablllty virtues of 
the beta titanium alloys* this study was Initiated to verify their advantages 
over conventional titanium alloys for SCR applications. The general approach 
taken to accomplish this objective was (1) developing the manufacturing param- 
eters and mechanical property data for efficiently cold forming* brazing* weld- 
ing* and heat treating advanced beta titanium alloys* and (2) demonstrating 
cost and structural payoffs through design, fabrication* and evaluation of 
large structural panels. 

The program consisted of eight major tasks* briefly described below: 

a Task 1 - Material Identification and Screening. - Identify and screen 
three candidate beta titanium alloys for mechanical properties and 
relative applicability to low temperature forming. 

• Task 2 - Room Temperature Formablllty Study. - Investigate the room 
temperature forming capability of the two most promising alloys. 

a Task 3 - Process Optimization. - Develop forming parameters and optimum 
heat treatment for the two beta alloys. 




• Task A - Material Characterization, ^ Develop and conduct a teat 

program to determine effects of forming, Joining, and SCR environment 
on the basic material properties of the two beta alloys. 

e Task 5 *> Joining Studies, - Develop low-cost, efficient Joining methods 
for the two beta alloys, 

e Task 6 - Panel Specimen Fabrication, - Design, fabricate, and test hat- 
stiffened crippling specimens from the two beta alloys. 

e Task 7 - Wing Panel Fabrication. - Deslgr and fabricate representative 
hat-stiffened SCR upper wing surface panels from a selected beta alloy 
and Joining method. Perform static compression and variable amplitude 
fllght-by-£light fatigue loading spectrum teats. Assess the relative 
merits of low-temperature forming of beta titanium alloys for fabricat- 
ing SCR structural wing panels compared to state-of-the-art fabrication 
methods for T1-6A1-AV alloy. 

e Task 8 - Metal Matrix Composite (MMC) Selective Reinforcement 

Concepts. - Design, analyze, fabricate and test selectively reinforced 
beta titanium skin-stringer compression elements, and assess the data 
for scaling up 'the concepts to fabricate a full-size wing panel. 

Preliminary results of Tasks 1 through 7 were presented in Reference 1. 
Final results of Tasks 1 through 8 are reported herein. 

Use of trade names or names of manufacturers in this report does not 
constitute an official endorsement of such products or manufacturers, either 
expressed or implied, by the National Aeronautics and Space Administration or 
the Lockheed-Callfornia Company. 


SYMBOLS AND ABBREVIATIONS 


a Crack length, inch 

Aa Effective crack extension, inch 

A Aged, (thermal treatments are noted in text) 

CT Compact tension 

CW Cold work (refers primarily to tension strain; a minus sign denotes 
compression strain) 

da/dN Fatigue crack growth rate, In/cycle 
e Elongation in Aw (w*speclmen width) , percent 

E Elastic modulus (tensile or compressive) , Msi 

EDAX Energy dispersive analysis of X-rays 
^IgRef stress during climb 
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fcg 

F 

cy 

tu 

ty 

FLD 

h 

K 

L 

K 


Kr 

Kt 

MMC 

n 

r 

R 

Rc 

R 

P 

SCR 

SCV 

SEM 

ST 

STA 

t 

T 

TIG 


Fatigue crack growth 

Compressive yield strength at 0.2 percent offset, ksl 
Ultimate tensile strength, ksl 

Tensile yield strength at 0.2 percent offset, ksl 

Forming limit diagram 

Hour 

Stress Intensity factor, ksl-ln^^^ 

Stress Intensity factor range, ksl-ln^^^ 

Longitudinal 

»' -tR « the ln.t.biuty 

Crack growth resistance, ksl-ln^^^ 

Geometric stress concentration factor 
Metal matrix composite 
Strain hardening coefficient 
Radius, Inch 

Stress ratio, min stress/max stress 

Stress ratio below which compression loading Is Ineffective 
Planar average plastic strain ratio, ®width/®thlckneas 
Density, Ib/ln^ 

Supersonic cruise research 
Supersonic cruise vehicle 
Scanning electron microscopy 
Solution treated 
Solution treated and aged 
Thickness , Inch 
Transverse 

Tungsten Inert gas (welding; 


TASK 1 - MATERIAL IDENTIFICATION AND SCREENING 


Literature Survey 

A curaory review was made initially of references covering beta alloys 
which had been produced experimentally or commercially as flat-rolled products. 
Further review was then limited to alloys which were commercially available and 
which lend themselves to low- temperature formins with the potential of being 
age-hardened to strength levels of high structural efficiency. 

A comparison of published properties and formabillty of the principal beta 
alloy candidates Is summarized In tables 1 and 2. Formabillty data are given 
for the solution-treated (ST) condition. Other values reported In these tables 
were selected to correspond with a common strength level near 170 ksi to facili- 
tate property comparisons In the solution treated and aged (STA) condition. 

Thermal stebillty characteristics of the six candidate alloys are presented 
in table 2. Creep data were not available for all the alloys, but the limited 
data obtained from this literature search shows that the creep resistance of 
the beta alloys compares favorably with T1-6AI-4V. Exposure to 600°F for 
various times up to 1500 hours had little effect on the tensile properties of 
these alloys. However, a direct comparison of thermal or creep stability can- 
not be made because of the differences in the exposure times and stress 
conditions. 

Assessment of the data led to selecting Ti-15V-3Cr-3Al— 3Sn(Tl-15-3) , 
Tl-3Al-8V-6Cr-4Mo-4Zr(Beta-C), and Tl-13V-llCr-3Al(B-120) for screening testa 
in task 1. Ti-15-3 is recognized as a superior Ti sheet alloy based on a 

aeries of previous Air Force programs having the goal of developing a atrip- 
producible. formable, economical, and 'forgivable" Tl sheet alloy (references 
2 throuKh 5). B-120 was the first beta alloy of commercial importance, and 

was chosen to serve only as a baseline* for the screening tests in task 1. 

Beta-C has exhibited a good combination of cold formabillty and aged mechani- 
cal properties including creep stabllltv, and was the moat readily available 
alloy tor this program of the remaining candidates. 


Test Materials 

Beta alloys Ti-15-3, Beta-C, and B-120 were selected from the literature 
survey for screening in task 1, with Ti-15-3 and Beta-C for the ensuing tasks. 
Properties of the r.s-received sheet materials and their program usage are 
listed in table 3. 

RMl Company experienced difficulties producing the hot-roll Beta-C 
sheets for the program. It was not available for task 1 screening and the 
thinner uf the two ordered gages (0.040 and 0.080 Inch) was cancelled. Nominal 
gage of the Beta-C received was 0.065 inch. Ductility was rather low as 
evidenced by the tensile elongation and minimum bend radii reported in the mill 
certification (table 3). 
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On receipt of the Beta-C material, the tenalle propertiea and roicroatructure 
were checked. The tensile properties shown below agreed with the supplier data 
and were acceptable although elongation was marginal. 



As-Solutlon Treated 1600°F, 

30 Min., Air Cool: 


Dir 

F^u* ksi 

^ty. l«8l 

e,X 

L 

130.0 

129.6 

13.0 

T 

133.4 

132.8 

8.0 


Metallographlc examination of the Beta-C revealed a mixed beta grain size 
consisting of fine and very large grains (> ASTM No. 1). Also the surface 
appeared heavily etched resulting in an uneven and rough text* re. Mlcrostuc- 
ture is shown in figure 1, The grain size inhomogenelty is greater than normal 
and can be attributed to the cumulative effects of reorocesslng applied to this 
lot of material. To correct earlier deficiencies including high hydrogen, low 
ductility, and high directionality, the material was subjected to an additional 
vacuum anneal cycle and a 1600®F resolution treatment . 

Based on this preliminary assessment, the Beta-C was considered to be 
below its normal quality. Consequently the Beta-C evaluation was reduced in 
scope to selectively perform sufficient heat treat, mechanical property, form- 
ing, and Joining characterization to accomplish the task 6 panel evaluation; 
and the characterization of the Ti-15-3 alloy was increased. 


Screening Tests 

Three heat-treat conditions were selectively evaluated; the solution 
treated condition for formablllty, and two aging treatments for mechanical 
properties, representing near-peak and an intermediate strength level as 
follows: 

Alloy Peak Strength Intermediate Strength 

B-120 90QOF - 36h* 900”F - 12h 

Ti-15-3 8S0°F - 16h 900°F - 12h 

*Although strength increases slowly with longer aging time, 36 hours 
was chosen as a practical cutoff point. 

A matrix of the screening tests is shown in table 4. 
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Formabll ltv Indlceg. - Applicability to room temperature forming waa 
Initially aaaeaaed on the baa la of tenalon and compression tests of annealed 
material In three grain directions (L,T,45°). Table 5 summarizes the results 
obtained for 11-15-3 and 3-120 alloys. Tl-15-3 shows better overall formablllty 
characteristics than B-120, and little directionality as well. 

The lower yield strength (hence, flow stress) and modulus of Ti-15-3 
in both tension and compression are favorable from a forming standpoint. Both 
alloys exhibit high ductility, while strain hardening coefficients were suitably 
low. Above about 10 percent elongation, the B-120 appears to have a signifi- 
cantly higher strain hardening rate than Ti-15-3. Planar average plastic 
strain ratios (R) greater than unity were obtained for both Tl-15-3 and B-120. 
This characterizes the materials as being resistant to thinning and, therefore, 
suitable for such forming operations as drawing, stretch forming, and hydro- 
forming (reference 17 through 20). Note, however, that while directional 
plastic strain ratios (Ri) were nearly isotropic for Tl-15-3, the B-120 had 
an R-value less than unity in the longitudinal and transverse grain directions. 


Aged Mechanical Properties . - All Tl-15-3 and B-120 test coupon blanks 
aged in an argon atmosphere and then pickled In nitrlc-hydroflourlc acid 
to remove the surface film. 

e Tension and Residual Strength. - Room temperature tensile properties 
were determined for Ti— 15— 3 and B-120 aged to peak and Intermediate 
strength levels. The residual strength of material stretch-strained 
to a nominal 8 percent permanent set prior to aging to simulate forming 
strains was Included. The reduced section was premachined oversize 
and the Individual coupons were stretched In a tensile test machine. 

A teat summary is presented In table 6. Tl-15-3 had less directionality 

and slightly better ductility than B-120, while B-120 had greater stif- 
fness. Uniaxial prestrain tended to reduce the directionality In both 
alloys. With prestrain, overaglng appears to have set in with the peak 
strength age In B-120 and with both aged conditions in Tl-15-3, indicat- 
ing that the alloys were fully aged by these treatments. Prestrain 
accelerated aging to increase strength only for the Intermediate 
strength age in B-120. 

e Notched Fatigue. - Constant amplitude axial testing at R - 0.1 was tar- 
ried out on hole-notched coupons with Kt * 2.6. The S-N fatigue plots 
for Tl-15-3 and B-120 in two aged conditions are presented in figure 2. 
Tl-15-3 alloy showed generally Improved fatigue behavior compared to 
B-120. The two aging treatments for B-120 and the peak strength age 
for Ti-15-3 produced similar fatigue results, while a 15-percent 
higher endurance strength is indicated for the lower strength Tl-15-3. 
This apparent fatigue Improvement for the lower-strength aging treat- 
ment warranted further study and verification In task 4. 
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Fracture Toughness. - R-curve determination for Ti-15-3 and B-J/0 in 
two aged conditions was conducted based on the guidelines of proposed 
ASTM Standard E561-76T, using compact specimens. The resulting 
R-curves are shown in figures 3 and 4 in terms of effective crack 
ex^nslon. pa adjustment of the plastic zone size was based on a 
contparlson of the physical crack length at the end of fatigue pre- 
cracking to the calculated crack length at the start of R-curve tes»^ln«. 
pe R-cupes indicate that for a given alloy, the higher strength heat 
peat had a discernible effect resulting in a lower fracture resistance. 
On the other hand, for a similar strength level, the two alloys have 
comparable R-curve characteristics. 


e Creep. - The test temperature was 600°F, the time period 1000 hours, 
the stress 100 ksl. There were four test groups representing 
two alloys (Tl-15-3, P-120) and two aging treatments. One of the three 
specimens in each group was stretched prior to aging in the manner 
described earlier for residual-strength specimens to represent the 
effect of forming strains. The specimens, were tension tested after the 
creep exposure to compare exposed and unexposed properties. 

The results are shown in table 7. B-120 had better creep resistance 

than Tl-15— 3 under these test conditions, displaying lower creep 
strains and creep rates for both aging treatments. The effect of aging 
trepment was insignificant with Tl-15-3, but with B-120 the more fully 
aged condition, 900°F/36 hours, had the best creep resistance. Cold- 
work before aging (simulating forming prestrain) tended to lower the 
creep resistance very slightly In both allys. Note that the creep 
stress of 100 ksl is much higher than the anticipated sustained design 
loads for an SCR structure. In view of this, a lower stress was 
evaluated in the creep tests of task 4 (Materials Characterization). 
Examination of the room-temperature tensile properties indicates 
generally good creep stability in these alloys. Some strengthening 
V7as found in all specimens after creep exposure, however, with little 
or no loss in ductility. 
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TABLE 1. - SELECTED ROOM TQIPERATURE PROPERTIES OF CANDIDATE 
BETA ALLOYS (TASK 1 LITERATURE SURVEY) 
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TABLE 2. - CREEP RESISTANCE AND THERMAL STABILITY OF CANDIDATE 
BETA ALLOYS (TASK 1 LITERATURE SURVEY) 
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TABLE 4. MATRIX OF TASK 1 SCREENING TESTS 
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TABLE 6. EFFECTS OF STRAINING FOLLOWED BY AGING ON TENilLE PROPERTIES OF TWO 
BETA TITANIUM ALLOYS (TASK 1) 


BMi Alloy 


Ti-13V-11Cr-3AI 
0B63 InihNt 


Tmtmmt Oiriction Condition (Ml 


aOO^F -36h 
PukStnngth 


800‘‘F-12h 
Intormidiito 
Strtngih 

T 8TA I 196 
STCWA 


8H**F-t6h 
PMk Strongtli 


Appirmt Eliitic 
Modulus 
(103M) 



16.8 

6.7 

16.6 

4J 

16.7 

4B 

17.0 

8B 

16.4 

6.0 

16.3 

6.0 

16.6 

6.0 1 

16.7 


TMSV-3Cr-3AI<3Sn 
0JI63 In shoot 


800°F -12h 

Intormodloto 

Strongth 


STA 

STCWA 


STA ■ Solution trootod ond ogod. (Avorago of two spoclmontl. 




























TABLE 7. CREEP RESULTS FOR TWO BETA TITANIUM ALLOYS TESTED AT 
600»F AND 100 KSI FOR 1000 HOURS (TASK 1) 











































licroatructure of 0.065 In. Beta-C sheet aolutloned 

600°F for 30 minutes and air cooled. longitudinal ; 

upper) and transverse (lower) croas-stctlons. Note 

•ough surface. Mag lOOX. ^ 











Figure 4. - Kr versus effective crack extension^ Ti-13V-llCr-: 
0.063 inch sheet, T-L orientation - task 1, 





TASK 2 - ROOM TEMPERATURE FORMABILITY STUDY 


Forming trials for Tl-lS-3 alloy were conducted for press brake bending, 
stretch press, and hydroprcss operations* These three processes account for 
the majority of formed sheet-metal parts on current airplanes. The forming 
evaluation for the Beta-C was limited to developing optimum bending parameters 
for brake forming the hat-st ringers for the cask 6 panels. 


Press Brake Bending 

Minimum bend radius, sprlngback, and bending strains were deterralned for 
the Tl-15-3 material* Tests were conducted on two thickness of material, 

0.040 inch and 0*080 inch, with the bend axis both parallel to the rolling 
direction (L) and across the rolling direction (T) , Bending was done in a 
Chicago Hydraulic press. Model 150-HF-8, using forming dies of the general 
configuration shown in figure 5. 

Generally, the minimum bend radius of a sheet metal Is determined by making 
bends of successively smaller radii until rupture occurs, and then reporting 
the next larger bend radius. But the beta alloys, unlike most alpha or alpha- 
beta alloys, exhibit a severe orange peel effect before rupture which makes 
it difficult to establish bend ratings. For perspective, 0,063 inch 
Ti-13V-llCr-3Al beta alloy specimens with the 3.0t minimum bend radius speci- 
fied In Mil-T-9046 were used as a visual guide for acceptable orange peel 
appearance. After preliminary tests with standard 1-lnch wide specimens, 

6-inch wide specimens having a bend span-to- thickness ratio of 75 for 0.80-lnch 
gage and 150 for the 0,040-inch gage were used to ensure a more representative 
evaluation of bending behavior. The specimens were bent through various angles 
from 25 to 135 deg. with the following results: 


Gnin 

Dlraction 

Gigi 

(hi.) 

TM5>3 Orangi PmI Appiininct for Ginn R/t Ratio 

Min Band 
Radius (r/t) 

G4to1.2 

1.6 

10 to 14 

17 

LGT 

OMO 

Hnvy 

Haavy 

Light to 
modarati 

Light 

10 

IGT 

o.oao 

- 

Haavy 

Light to 
modirata 

Light 

10 

Natl: Nerui 

itunoceurred. 


The mlnlii.am bend radius in terms of acceptable orange peel appears 
conservatively to be about 2.4t for both gages of Ti-15-3, and bending 
behavior was uniform with respect to grain direction. 
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Sprlngback Information taken from l>lnch wide specimens la shown In 
figure 6. The sprlngback increases with bend angle and radius, and is greater 
in the thinner gage. Again, results were uniform relative to grain direction. 

Circumferential strain after sprlngback, as a function of bend angle and 
radius, was measured on the OD of 6-inch wide bends using an etched grid of 
0. 25-inch diameter circles. Figure 7 shows that the peak strain becomes nearly 
constant at bend angles over 90 degrees and the tighter radii had higher strains. 
The similarity of the curves for 2.0t and 2,4t is compatible with the similar 
orange peel appearance results noted earlier. 

Brake-formed Tl-15-3 Z and L sections In a free state were aged at 940°F 
for 12 hours (optimum age determined in task 3) to measure aging effect on 
dimensional stability of the bends. This information is useful in predicting 
the need for forming compensations or heat-treat fixturlng. As shown in table 8, 
angular movement was only 2 degrees or leas, and in most cases the bend angle 
decreased. 

Room- temperature and warm-bending studies were conducted on the 0.065-inch 
gage Beta-C. Room temperature tests were conducted to determine minimum bend 
radius and sprlngback for (L) and (I) bends. Results of 45-, 90-, and 135- 
degree bends using 6-inch wide specimens are summarized in table 9. Visual 
examination at 20X was very difficult due to the rou^ surface texture, there- 
fore, bend quality was further evaluated by penetrant inspection and metallo- 
graphic examination. 

Selected cross-sections in the bend area are shown in figures 8 and 9. 

These photomicrographs Illustrate the difficulty in Judging bend quality 
due to the poor as-received surface condition. Minlma'<: bend radius appears 
to be 4t for (T) bends and 6t for (L) bends. These results genera].ly confirm 
those reported by RMl (table 3). They are considered further evidence of the 
marginal ductility of this lot of Beta-C sheet, eepecially in the transverse 
grain direction (L bends) . Sprlngback increased with bend angle and radius 
as expected. 

Warm bending was done at 3S0^F and 420°F using heated dies to examine 
the effect on bend radius and sprlngback. Results of (L) and (T) 90-degree 
bends using 6-lnch wide specimens are give In table 10. Cross-sections of 
warm bends to verify bend quality are also shown in figures 8 and 9. Accepta- 
ble bend radius was effectively decreased from 4t to 2t for (T) bends, and 
from 6t to 4t for (L) bends. 


Stretch Forming 

For the stretch-forming experiment, 36-inch long, 0.080-lnch gage Tl-15-3 
brake formed right angle sections were formed into heel-out angles as depicted 
in figure 10, on a 60-ton Hufford press fitted with numerical control. Section 
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height (H) WM VAtled to Approach apllttlng and buckling limits. Only the 
three rune presented in table 11 were considered satisfactory due to equip- 
ment problems. The 28 percent maximum stretch is considered excellent. 


Hydroforming 

Hydroforming of 0.040-and 0.060-inch gage Tl-15-3 was evaluated by forming 
stretch and shrink flanges on each test blank to the test configuration of 
figure 11, and adjusting the flange height to vary the severity of forming 
strains. Form tooling is shown in figure 12. 

The 'primary hydroforming experiments were conducted in a production Verson 
Wheelan press, using a maximum bladder pressure of 6000 psl which la the- limit 
normally permitted on this production equipment. The rubber blanket had a 
Type-D Shore hardness of 45. Effect of a higher forming pressure was assessed 
In a 1000-ton HPM Hydraulic Press (Guerin trapped-rubber process) , using a 
pressure of 7800 psl and a rubber with Type-A Shore hardness of 80. 

Test results are presented in table 12, and examples of acceptable and 
unacceptable hydroformed test parts are shown In figure 13. The 0.080- inch 
gage was more formable than the 0.040-lnch gage achieving a maximum net 
stretch of 20 percent compared with 12 percent for the 0.040-lnch sheet. 

The prescribed shrink was not obtained because of a tooling error. Slightly 
better fonoing quality was obtained using the Guerin process, Indicating that 
higher forming pressures are beneficial. Although forming limits were not 
determined, these limited testa have demonstrated the adequate stretch flange 
formablllty of Tl-15-3 sheet. 


Comparison With Other Alloys 

Table 13 gives a summary of the brake bend, stretchform, and hydroform 
characteristics observed for Tl-15-3 sheet. I'.n each case, they compare 
favorably with the design limits of A40 grade commercially pure titanium 
and T1-6A1-4V. 
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TABLE 10. - WARM BRAKE BENDING OF 0,065 IN. BETA-C SHEET 


BMd 
Axil Dir 

8Md 

Rtdiut 

Forminfl 

TiffliMriturt (OF) 

AMrigi FrM 
Bind Angli 
(OignMi 

Awragi 

Spring- 

Back 

(Dagnat) 

Viiual Examination 
atlSX 

Matallographic 

ExamltMtlon 

L 

s.ot 

3H) 

90 

16 

Accaptabla 

Accaptabla (Figure Bd) 


4.0t 

3B0 

92 

14 

Apparani Stparatloni 

Accaptabla (FIguraSa) 


3.0t 

360 

99 

12 

Apparent Crack 

UnKcaptabla Saparatloo 
(Figure 9f) 


2.0t 

350 

90 

5 

CrMkad 

Crackad (Figure Bgl 


2.0t 

420 

90 

7 

Crackad 

Crackad (Figure 9h) 

T 

3.0t 

350 

99 

11 

Accaptabla ’ 

Acceptable (Figure 8d) 


2.0t 

350 

97 

9 

Atcaptabla 



2.0t 

420 

90 

8 

Accaptabla 

Accaptabla (Figure Be) 


TABLE 11, - EVALUATION OF STRETCH FORMED SPECIMENS 


Spacimen No. 

SMtIon Haight 
(in.) 

Stretch 

Direction 

Percantaga 

Stretch 

Strain Rate, 
Mln‘1 

Ramarki 

CLZS 

1.5 

Longitudinal 

8 

0.013 

Qood part* 

CTZ1 

2.0 

Trinwena 

14 

0.023 

Good part* 

CLZ1 

3.6 

Longitudinal 

28 

0.048 

Good part except that horliontal 
flange hed flight wave and vertical 
flanga draw into die block due to 
die block laparation.* 

*Slight local dlitortlon of vai.lcil flanga attributed to inideguata die pranura. 
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Figure 8. - Cross sections of (T) bends in 0.065 in. Beta-C. Mag. lOOX 






Figure 9. - Cross sections of (L) bends In 0,065 In Beta-C. 
Hag, lOOZ (Reduced 63Z) 
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Figure 11. - Hydro forming teat configuration illustrating selected 
locations for formablllty evaluation. 
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Figure 12. - Hydroform Cooling. 





TASK 3 - PROCESS OPTIMIZATION 


Aging StudleP 

Tl-15-3 and Beta-C are air^hardening metaatable beta compositions that 
are very formable In the solution-treated (annealed) condition. Precipitation 
hardening occurs on direct aging from the annealed condition by decomposition 
of beta to alpha. The heat treatment objective was, therefore, to obtain a 
combination of cold formabllity in the annealed condition with subsequent 
aged properties suitable for the Intended Mach 2.7 service. With the program 
directed toward wing upper surface panels, the mechanical property goals favor 
high compressive strength and modulus. Heat treat variables were the aging 
temperature and time. 

Tl^^lS^^. - Task 1 screening tests at tensile strength levels of the order 
of 200 ksl indicated possibly marginal ductility and toughness with some 
degradation of notched fatigue strength. Therefore, a lower-strength aging 
treatment seemed appropriate. Using the task 1 results along with aging data 
from references 4 and 16 as a guide, the aging cycle selections were 925°F 
for 8 and 12 hours and 950 P for 12 hours » To rapresent forming effects, 
prestrains of nominally 10 percent stretch and 2.5 percent shrink (compression) 
were included. Prestraining was accomplished on individual specimens in 
static test machines, then the test coupons were finish machined from the 
strained section. Evaluations consisted of tension and compression testing at 
room temperature and 600°F, plus metallurgical examination. 

Tensile property data are listed in tables 14 and 15, and plotted in 
figure 14. Compressive properties are listed in table 16 and plotted in 
figure 15. All three aging cycles gave suitable property sets at room and 
600°F test temperatures. The ultimate tensile strength retained at 600°F was 
P®*^ticularly high. Aging 950°F for 12 hours shows slightly more tensile 
ductility with a corresponding lower strength than the 92S°F, 8- and 12-hour 
treatments. Also the 950°F, 12-hour age shows less difference in strength 
between nonstralned and prestralned conditions, probably reflecting a fuller 
degree of* aging than the two 925°F aging cycles. Modulus was essentially the 
same for the three aging cycles, both in tension and in compression. 

Examination of the micro structures revealed the desired fine, homogeneous 
precipitate distribution for each of the aging cycles. Figure 16 shows 
typical structures for the 925°F, 12-hour age. The prestralned material 
revealed a worked structure indicative of slip deformation, and the 600°F 
tensile specimens showed no evident microstructural changes. 

From the above evaluation, a 940®F, 12-hour aging cycle was selected for 
the Tl-15-3 alloy. Teat data show that satisfactory mechanical properties 
can be expected given a normal aging temperature variation of ±10°P. 
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Beta-C » - Table 17 gives some preliminary S^hour aging data at 
950-1050“F In 250F Increments developed by RMI Company for this lot of 
material! Inferior transverse ductility found In the solution-treated condi- 
tion Is evident again in the solution-treated and aged condition. From these 
data» aging temperatures of 1000°F and 1025°F were selected for further evalua- 
tion. Five percent minimum elongation in the transverse direction was 
selected as a target. Room temperature and 600°F tensile properties, t*, 
temperature compressive properties, and microstructures were evaluated. 

Tensile property data are listed In tables 18 and 19, and plotted in 
figure 17. Compression data are given In table 20 and figure 18. Tensile 
ductility, tensile modulus, and compressive modulus were relatively consistent 
among the four aging cycles, l.e., 1000°F and 1025°F for 6 and 10 hours. The 
higher-strength lOOO^F age appears more attractive in view of the superior 
strength retention at the 600°F teat temperature. 

Microstructures were similar for the four aging treatments. Figure 19 
shows a typical well-dispersed precipitate distribution. In this case for the 
1000°F, 6-hour aged Beta-C. With reference to the duplex beta grain size 
(refer also to as-solutloned structure In figure 1), the large elongated 
grains evidently promoted denser nucleatlon. Indicating a higher residual work 
content In these large grains. Partial recrystallization could account for 
the smaller, more equlaxed grains. 

Based on the foregoing aging temperature/time evaluations, 1000°F for 
8 hours was selected as the aging cycle for the Beta-C. Test results for 6 
and 10 hours Indicate that 8 hours will produce acceptable strength-ductility 
levels coupled with heat treat economics of lower temperatures and shorter 
aging periods. 


Forming Limit Diagram (FLD) 

This punch-stretch technique for laboratory formabiilty evaluation was 
developed by Hecker (references 21 and 22), and It has been used by other 
Investigators for evaluating the formabiilty of steel, brass, aluminum, and 
titanium alloys (references 23 and 24) . The FLD may be used to characterize 
limiting strains under the influence of uniaxial or biaxial straining. In the 
diagram, major strain is defined as the largest Increment of deformation in 
the formed area and minor strain as the corresponding increment of deformation 
normal to the major strain. 

An FLD was developed for the. i>.080-lnch Ti-15-3. Steel tooling conform- 
ing to the dimensions In figure 20 was used, and the punch loads were applied 
In a hydraulic tensile test machine. The forming limit curve was generated 
by using square specimens and increasing lubrication on the positive minor 
strain side, and by decreasing specimen width using dogbone specimens for 
the negative minor strain side. Strain measurements were taken from an 
etched grid pattern of 0.125-lnch diameter circles on the test blanks. 

Figure 21 shows typical Tl-15-3 tested specimens. 


The FLD le plotted in i'lgure 22 • Little difference was seen between the 
two punch speeds that were used, and a limit tension strain of about 28 per- 
cent la Indicated near the uniaxial strain condition (e 2 -0). In figure 23 
the FLD bnundarv zone Is compared with some actual forming strains from task 2 , 
and with forming limit curves recently developed by Battelle for various 
alloys. Reasonable correlation Is seen between FLD limit strains and the 
forming strains for 2t bends and the stretch-formed flange with 3.5 Inch flange 
height. Hydroforming results fell considerably below the FLD limit, and it Is 
conceivable that higher forming pressures would Improve the hydroformablllty 
of Ti-15-3. Good agreement with Battelle 'a Tl-15-3 curve Is seen, and the 
formablllty of Tl-15-3 appears to be comparable to 2024-0 aluminum and much 
better than annealed T1-6A1-4V. 


table U. - ROOM TfiPERATURE TENSION TEST RESULTS OF 0.080 IN 
Tl-15-3 SHEET, LONGITUDINAL GRAIN 


A9kI 

Condition 

926”F -III 
925°F-8h 

926«F.)2h 
925®F .!2h 

9B0“f -12h 

J60®F 12h 

12S®F -9h 
>25®F8h 

I26“F-I2h 

IB0“F .12h 
69®F-12h 

26®F -Sh 
25®F -8h 

K“f -12h 
!6®F .12h 

iO®F .»2h 
0®F -12h 


SpMltntn 

No.(2) 


^^^Froiiriin, Farcint 
(+) Tiniion 
(■) ComprMlon 

Ftu (hii) 

Fty (k»l) 

i(K) 

No Pmtfiln 

190 

164 

9.5 

No Fraitriln 

191 

165 

10JI 

No Fmtriin 

1f:« 

172 

7.5 

No Fnitriln 

196 

171 

9.0 

No Prtitrain 

178 

161 

11.0 

No Prottraln 

175 

164 

10.0 

+9.S 

194 

179 1 

8.0 

+10.0 

1 187 

181 

8.0 

+9.5 

196 

182 

8.0 


SpKimin Cpniiguritlon: Figuri At 



Agod 

Condition 

Sptclmin 

Hu.m 

(llPmtrain In 
Tmiion, 
Pareint 

Ftu (M) 

i 

Ftv (kiO 

• (H) 

926**F <0h 

T9 

No Hmtrain 



7.5 

925°F -Oh 

TIO 

No Pnttnin 

■ll 

HH 

7.0 

925*’F -t2h 

T7 

No Prottnin 

162 

140 

7.0 

925*’F -12h 

T9 

No Prtttrtin 

162 

142 

7.0 

950*’F -t2h 

Til 

No Pmtrtin 

163 

133 

8.0 

95U°F •12h 

T12 

No Pmtratn 

154 

132 

8.6 

925°F -8h 

TT9 

10.6 

178 

149 

10.U 

92S°F -ah 

nio 

10.0 

179 

162 

8.0 

925''F t2h 

H7 

10.0 

177 

161 

9.0 

925"P-12h 

TT8 

9.6 

177 

164 

9.0 

950°F -1211 

TT11 

10.0 


143 

10.0 

9S0°F -Y2h 

TT12 

10.0 

1^1 

140 

9.0 


^^^Striinid prior to ogini). Nonitriinod tpicimoni hid 0.500 In. wMo ngt nction: othin wtrt 0.250 in. 


^^^Spocimm Configuration: Figuri At 
















TABLE 16. - COMPRESSION TEST RESULTS OF 0.080 IN. Tl-15-3 SHEET 
AT ROOM TEMPERATURE AND 600“F. LONGITUDINAL GRAIN 


Agid 

Condition 

Spielmin 

No.(3) 

Tift 

Timpiraturi 

(npnitraln In 
Tinilon, 
Fircint 

Fey (kill 

6 (Mil) 


Cl 

Room 

No Prnirain 

174 

15.2 

926”F 4h 

C2 

Room 

No Prtitriln 

177 

16,2 

E26®F *12h 

C3 

Room 

No PrMtraln 

179 

15.2 

925‘*F -12h 

C4 

Room 

No Prittriin 

179 

15.8 

960"F 42h 

C6 

Room 

NoPritiraIn 

170 

15.2 

9S0°F -12h 

C6 

Room 

No Priitrain 

171 

15.4 

925°F -ah 

CTl 

Room 

10.S 

Bucitlid 

16.0 

92S°F -Sh 

CT2 

Room 

10B 

Suckltd 

15.0 

92S*’F -12h 

CT3 

Room 

10.R 

192 

15.8 

926®F -12h 

CT4 

Room 

10.6 

193 

16.1 

960°F -12h 

CT5 

Room 

11.0 

184 

15.0 

9S0°F -12h 

CT6 

Room 

11.0 

186 

15.2 

925<‘F -8h 

C7-C8^^* 

60P“F 

No Pmtrain 

146 

15.0 

925°F 12h 

C9C10^*> 

6Q0°F 

No Pritiriln 

150 

15.1 

950°F -12h 

C11Ct2*2J 

600®F 

No Prittriin 

143 

15.0 

92S'*F -9h 

CT7-CT9*^> 

eoo®F 

10.5 

162 

14.4 

926“F -12h 

CT9CT10^2) 

690°F 

10.0-10.5 

161 

14.6 

950°F -12h 

CT11CT12**^ 

soo*’f 

10.5 

162 

14.7 


^^Waintd prior to iging. 

^^•Poirtcl tpKimifli buttid tidi-to-tldt In compntilon fKturo. Spoclmnni hid to bi rimichlnid ind tiittd In thli 
minnir ilntt thi origlniHy Intindid f iKturi wit not inHibli. 

^^^SpKlmin Cnnfiguritlon; FlgunA2 




























































TABLE 19. - SHORT TIME TENSION TEST RESULTS OF 0.065 IN. BETA-C SHEET AT 600°F 























Agwi Condition 


( 1 ) 

Dbr 


Fcv(kii) 


E|j}p (Mil) 


lOOO^F-fih 


lOOQ^F -tOh 


t026°F -6h 


102S°F -lOh 





L 

1B4 

136 

L 

161 

136 

•vg. 

163 

136 

T 

166 

14.6 

T 


14.4 

•vg. 

171 

144 

L 

170 

14.0 

L 

170 

14.2 

wg. 

170 

14.1 

T 

176 

14.8 

T 

173 

14.0 

•vg. 

174 

14.4 

L 

168 

14.0 

L 

162 

146 

■vg. 

160 

14.1 

T 

169 

14.2 

T 

167 

15.0 

■vg. 

168 

14.6 

L 

161 

14.7 

L 

169 

13.5 

■vg. 

160 

14.1 

T 

176 

14.7 

T 

174 

14.7 

•fl. 

174.5 

14.7 


(DSpMiminConfIguntlon: FlgurtA2 
































200 


Oooffl twnparatura 



Figure 14. <- Longitudinal tensile properi 
at room temperature and 600' 
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PiMiriin in ttmion, pwcmt 


Figure 15. Longitudinal comptesslve properties of 0.080 In. Ti-lS-3 sheet 
at rooK temperature and 600°F for various aping cycles. 












Strtngtb. ksi 


OF POOR QLAUfY 


lloom tamparatura 

ftu^ 





1000 "f, l dir 
A 1000 "F, T dir 
O* - 1025®F,Ldir 
#- - 1026®F,Tdlr 


Not*: Data points are 

avaragat of tabulatad data 


Aging titna, h 


Tensile properties of 0.065 In. Beta~c: sheet at 
temperature and 600 F for various ap.lng cyeles. 


Modulus, Msi 











1000”F, L dir 
1000*F,Tdir 
102B»F. L dir 
t025*F,Tdir 

















2024^ Ai* 






task 4 - IIATERIAL CHARACTERIZATION 


structural performance of the\l 15*3 crulae environment on 

simulate cold forming atraina studiea. To 

having a 1-inch square grid scribed overthe”red^ dogbone panels 

tion, were stretched in run^vIr^V ITl . f to measure elonga- 

from bononotrIJ^™anS"trM ™ bpoclmeno 

tImperaLrrTl275or^®Jhrte^t^ employed 3003A1 braL^luoy^anfa^peak 

atures were — 65®ir tit „n^ <.nfio« *. . Browcn ^icgp. Test temper- 

cruise vehicle (SCV) . ’ * stipulated for a Mach 2.7 supersonic 


Tension and Compression 


then about 1 minute to failure. A strain rate of 0.005 r.iin-1 wrs"uaed°to^^^*^’ 
-65 F and RT compression tests, and 0.002 min"! for the 600°F testa. ^ 


propeSer:^e^:::J:rergr^JSJ:^lJ" — 


RT 

tension. 

Ti-15-3 

- table 

21, 

figure 

25 

-65®F 

tension, 

Tl-15-3 

- table 

22, 

figure 

26 

600®P 

tension, 

Ti-15-3 

- table 

23, 

figure 

27 

RT 

fi 

tension, 

Ueta-C 

- table 

24, 

figure 

28 

-65®F 

^ _ n 

tension, 

Beta-C 

“ tsblu 

25, 

figure 

29 

600 F 

tension, 

•■a-C 

- table 

26. 

figure 

30 
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RT compression, Tl-15-3 
compression, Ti-15-3 
600°F compression, Ti-15-3 

RT compression, BeCa-C 
-6S°F compression, BeCa-C 
600°F compression, Beta-C 


table 

27, 

figure 

31 

table 

28, 

figure 

32 

table 

29, 

figure 

33 

table 

30, 

figure 

34 

table 

31, 

figure 

35 

table 

32, 

figure 

36 


Consistent trends may be noted from these static test data: 


• Tensile prestrain (cold work) enhances aged strength of Tl-lS-3 and 
Beta-C with little loss of ductility (tensile). The strength 
Increases were greater In the direction normal to the prestrain 
direction. No Bauachinger effect (loss of compressive yield strength) 
was noted in either alloy when aged after the tension strain. 

• The simulated brazing cycle prior to aging resulted in a small 
strength loss presumed due to overaglng. Tensile prestrain prior to 
the brazing cycle further reduced strength in the direction of prestrain 
on subsequent aging. Compression tests of the Beta-C alloy show, 
however, that strength increases can occur in the direction normal to 
the prestrain. The kinetics of these combined prestrain/brazing effects 
need to hp metallurgically investigated. 

• Actual brazed (composite) specimens of either Tl-15-3 or Beta-C to 
Ti-6-4 displayed properties Intermediate to those of the two alloys 
Joined, as expected. 

• Welded and aged Ti-15-3 sheet exhibited full Joint efficiencies. Cold 
work after welding reduced subsequent aged tensile strength but appeared 
to have little effect on compressive yield strength. 

• Tensile and compressive moduli for a given alloy remained fairly 
consistent for the various processing conditions tested. 


Notch Tension 

Sharp notch tensile strengths for Tl-15-3 and Beta-C are compared at 
three test temperatures, in table 33. Tests were conducted according to 
ASTM E338. Notch radius varied rather widely from the specified radius of 
0.0007 inch maximum, so the actual radius and calculated Kt factor are given 
for each coupon. Despite the variation in K^, certain trends are seen. Ti-15-3 
showed higher notch strength and notch strength/yinld strength ratios (NTS/YS) 
than the Beta-C at all three teat temperatures. For a given alloy, the 
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hl8te.rir*00*prihurNlS/?s^«^^^^ temp««ure, and 

8tr ..gths were elao falrlv uniform temperature. Notch 

.^nerally lowered the notch strength of bMh'elliysf”*" r«»traln 

Creep 

Table 34 auounarlzes results of creen tBoro eno ^ 
and applied stress levels of 50 and 75 Jl Tp«r ^ ° duration at 600°F 

recommended practice were followed. The 

creep rates and produced leas creeo at Lh showed lower minimum 

alloy for comparable material ^he Ti-15-3 

of either Beta-C or Ti-15-3 when brazed to 1^611 composite specimens 

creep strength. The creep properties of equivalent 

spyeered to he strongly l„fl„e„«g g, ,,, . 

W-15-T1^^c^:e?s“™ftL~;S ■='“ “«■> "^•■.Vlor Of 

overaging (or strength ifvel) ^for the\«ri relation to degree of 

is. the highest strength cold worked oluraaal conditions. That 

strength, while the braze cyie or cold creep 

lowerec aged tensile strength toveraging effectrh'r^'^ 

strength. Minimum creep rates for th^Ltf ? . ^ but were beneficial to creep 
the braze cycle prior to aging. ®®ta-C were Identical with or without 

All creep specimens were tensile tested at rr./wm ► 
exposure. Table 35 compares tensile orooerM ^ temperature after creep 
specimens in comparable material coL?t?on! ? °5 ®"d unexposed 

ted for both slloys .fterloS Su™ai 6M°P i. l»<Ucs- 

Only Blight strengthening was found aLer applied stress levels, 

loss of ductility. creep exposure with essentially no 


Fatigue 

hole notched"(K -2!*6) °and'brased''i*^'*'*w f“t unnotched (K -1.0) 

slloys are de«£l.d “hl^?r »'r end Stele ’ 

and e frequency of 10 Hr for the 

(Kt.2!^^^T^-r:.^^;„\:;^:rte“:he'‘;:«<1o'‘^^ ” “ 

dltions. However, the abnormally rouah surfar^ ^ smooth and notched con- 

size of this lot of Beta-C are cLdl^fLf u nonuniform grain 

the fatigue behavior. Also tensJo^ and^ '‘r" negatively ijfluenc 

inferior ductility in the transverL «hown 

inferior fatigue performanerjor^ansveiL K !? 0 

ror transverse Kt-1.0 Beta-C specimens is seen 
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as well. In figure Jt a previous curve from tas’c 1 (Screening) of 0,063 inch 
Ti-l5-3 with Kt"2.6, is Included, Resulcs for the 0. 080-inch Ti-15-3 are com- 
parable, which tends to confirm a particularly high endurance limit at K^-2.6 
for Ti-15-3 sheet product. 

S-N fatigue curves showing the effects of processing variants on notched 
fatigue characteristics of Tl-15-3 arc presented in flj’cre 39. Low-cycle 
notched fatigue behavior of Ti-15-3 in various conditions was consistent with 
Lockheed reference curves for Ti-6-4. The parent Tl-15-3 STA material displays 
superior high-cycle fatigue strength, while brazing and cold work processes 
lowered the fatigue endurance strength. 

Unnotched fatigue curves showing effects of processing are plotted in 
figure 40. Here, brazing and welding lowered fatigue strength of Ti-15-3, but 
cold work appears to enhance fatigue endurance strength considerably. Cold 
work after welding, however, had a minor adverse effect. 

Constant amplitude fatigue test results of single overlap isothermal brazed 
Joints are plotted in figure 41. The S-N curves for either T1-15-3/T1-6-4 
joints or Beta-C/Ti-6-4 joints are In good agreement with reference curves 
shown for weld-brazed joints taken from NASA-Langley and Northrop Aircraft 
programs. 

Failure at high cycles of the braze lap-joint specimens typically propa- 
gated through the beta alloy sheet at the edge of the overlap (exception 
specimen No. 11-3). Two of the Ti-15-3 and two of the Beta-C failures, 
figure 42, were examined. Significant observations made on these samples are 
suniiTiarized below. 

Optical metallography and SEM fractography revealed multiple crack origins 
along the braze interface in all specimens. Some of the origins were located 
around voids in the braze, and some cracks originated within the braze or at 
the braze fillet. The Ti-Al intermetalllc layer formed at the braze interface 
was found to be around 0.0001-0.0002 inch thick. Although some small grain 
boundary (secondary) cracking was present in the Tl-Al layer, no obvious 
crack origins were found there. Previous work at Northrop on weld-brazed 
Ti-0Ai-4V joints (Ref. 25) revealed fatigue cracks originating from the 
brittle Ti-Al layer which was about 0.0005 inch thick. Furnace brazing with 
4043A1 braze alloy was used in that program. The thinner Ti-Al intermetallic 
layer formed in the Isothermal brazed joints appears to at least minimize 
fatigue crack initiation in this layer. 

Fatigue crack propagation in the Ti-15-3 or Beta-C sheet was for the most 
part transgranular; however, in places, the crack followed the grain boundary 
alplui precipitates. This can be seen in figure 43 for the Ti-15-3 and 
figure 44 for the Beta-C. The heating and cooling cycles that the beta alloy 
luuit rgoes during brazing and subsequent aging appeared to cause precipitation 
nf a semienntinuous alpha film along a grain boundary denuded zone presumed to 
be beta. It was reported above that the brazing process reduced fatigue 
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Wl^h fh^ ^ ^ notched (K -2.6) Tl-15-3 apeclmens compared 

with the parent material. Metallurgical evldSnce now suggeats that the 

brajing cycle Increaaed growth of the grain boundary alpha film, resulting 

reducing fatigue 

strength. It la believed that shortening the time at temperatures above the 
aging temperature during the brazing cycle would produce more desirable aging 


Fatigue Crack Growth 

Fatigue crack growth teats of Ti-15-3 were carried out in ambient air and 

<“) specimen. 

(figure A7. appendix). All teec. were eonducted according 
to ASTM E647 in a closed-loop electrohydraullc MTS fatigue machine at a fre- 
quency of 6 Hz and R-0.1. 

Figure 45 compares fcg rates (da/dN) of Ti-15-3 in air and saltwater 
figure 46 compares nonstralned material in two directions, and figure 47 ’ 
conq>area prestrained material in two directions. The fcg rates of Tl-15-3 

saltwater environment and showed no discernible effect 
of directionality. Both of these findings corroborate earlier Timet results 
(ref. 4). Also, very similar crack growth behavior between nonstralned and 
preatralned material is seen in both L-T (figure 48), and T-L (figure 49) 
orientations. 


Fracture Toughness (R-Curve) 

Tests were conducted according to ASTM E561-78T recommended practice using 
compact specimens (figure A7, appendix). The specimens were tested in a 
closed-loop electrohydraullc MTS fatigue machine, using antibuckling guides, 
at a head defection rate of 0.025 inch per minute. (One specimen, K-7, was 
Inadvertently tested at 0.05 inch per minute). 

In nonstralned and prestrained (cold worked) Ti-15-3 are comparet 

in figure 50. Crack growth resistance parameter, Kn, is plotted against crack 
extension as the P^ecrack is driven stably under increasing crack extension 

differences in Kr behavior of the nonstralned and pre- 

resistance is believed related 

to both the higher strength l^vel and reduced plasticity as a result of cold 
working. The differences In Kj^ appear much greater chan differences indicated 
earlier in notch tensile behavior. This suggests the need for Kr as well as 

fsaeflslng residual strength of damaged structure 
In thin gages that are typical of real aircraft structure. 
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TABLE 2i. - ROOM TEMPERATURE TENSILE PROPERTIES OF Tl-15-3 
WITH VARIOUS PROCESSING CYCLES 


Sptc. 


No. (4) 

Condition 

mm 

STA 


STA 

mm 

STA 

•vg. 


7A-2 

ST-fCW-fA 

7AS 

ST-fCW-f A 

avg. 


8A1 

ST-I-CM4-A 

8A-2 

ST•^CW•^A 

8A-3 

ST + CW + A 

axg. 



ST-^Braia (TM5-3/Ti-6-4) + A 


ST 8raaa (Ti-15 3/Ti-64) + A 


ST-fBfaie (TM5-3/Ti-64) -f A 

Msm 



ST * Braza Cycle + A 

BES 

ST * Braza Cycle + A 

in 

ST * Braze Cycle A 

avg. 


7A-3 

ST -t- CW -r Braze Cycle + A 

7D-5 

ST -r- CW + Braze Cycle -t- A 

avg. 


81 

STA 

8-3 

STA 

84 

STA 

avg. 


88-8 

ST-rCW+A 

88-10 

ST + CW-f A 

avg. 


^ 7E-1 

ST+CWtA 

7E2 

ST + CW-r A 

7E-3 

ST + CW + A 


W-1 8T + Wild + A 

W-2 ST + WsId + A 

W-3 ST + ''>t)d+A 

•vg. 

2-1 ST + Wald + CW^A 

2-2 bT + Wild-f CW + A 

2-3 ST + Wild + CW + A 

ivg. 

(1) Fvilidinpirintmitil 

(2) Fttlidinwild 

<3) Fiilid idgt of mid 

(4) SpIcirntnConligurition; FigiiriAl 


Teat 

Prettrain 

Ft., 

^tv 

a 

Eapp 

Oir 

Dir 

(kii) 

(kii) 

m 

(Mtl) 

L 

- 

t76 

161 

12 

15.0 

L 

- 

175 

159 

12 

16.1 

L 

- 

176 

161 

11 

15.2 

L 


176 

160 

12 

15.1 

L 

L 

180 

- 

8 

14.2 

L 

L 

189 

173 

7 

14.5 

L 

L 

185 

173 

8 

14.4 

L 

T 

193 

181 

7 

14.6 

L 

T 

194 

181 

7 

14.7 

L 

T 

196 

184 

6 

14.7 

L 

— 

T 

194 

182 

7 

14.7 


- 

~^5 

141 

13 

15.2 

L 

“ 

154 

140 

12 

15.1 

L 

- 

ISO 

136 

14 

15.0 

L 

- 

153 

138 

13 

15.1 

L 

- 

165 

151 

id 

14.4 

L 

- 

164 

149 

10 

14,7 

L 

"■ 

165 

150 

10 

14.1 

L 


165 

160 

10 

14.4 

L 


151 

137 

14 

14,7 

L 


148 

134 

15 

14.9 

L 

L 

ISO 

136 

IS 

14.8 

T 


181 

166 

10 

15.7 

T 

- 

181 

168 

10 

15.8 

T 

- 

177 

164 

7 

14.8 

T 

- 

180 

167 

9 

15.4 

T 

T 

186 

169 

7 

14.6 

T 

T 

163 

167 

7 

14.3 

T 

T 

185 

168 

7 

14.4 

T 

L 

195 

- 

7 

14.5 

T 

L 

197 

167 

6 

14.2 

T 

L 

200 

188 

6 

15.0 

T 

L 

187 

188 

6 

14.6 

T 

- 

181 (1) 

169 

7 

15.5 

T 

- 

163(11 

171 

7 

15.1 

T 

- 

183(11 

170 

8 

15.4 

T 


182 

170 

7 

15.3 

T 

T 

164 (21 

ISO 

6 

14.4 

T 

T 

164(11 

149 

7 

14.0 

T 

T 

164 (3) 

152 

5 

14.4 

r 


164 

150 

6 

14.3 



SpN. 

No.(1) 


Condition 


Tnt 

OIr 



7A7 

7A10 

■vg. 


STA 

STA 

STA 


ST + CW + A 
8T^CW + A 


L 

L 

L 

L 

r 

L 

L 


7-13 

7-14 

7-15 

•vg. 


ST'^Brmm-15-3/Ti-64)4A 
8T + Bri«ITI-16-3/Ti-S41 + A 
ST^Brtii(rM5-3/Ti-64) + A 


L 

L 

L 

L 


7-22 

7-23 

7-24 


ST -t- Bnzo Cyclo + A 
ST Braze Cycle + A 
ST + Braze Cycle * A 


avg. 

Toi ST-i-CW + BrazeCycla4>A 

7D3 ST -I- CW 4^ Braze Cycle + A 

ivg. 


L 

L 

L 

L 

r 

L 

L 


(1) Speciman Configuration: Figure A1 








































TABLK 23. - 600 F TENSILE PROPERTIES OF Tl-15-3 WITH 
VARIOUS PROCESSING CYCLES 


SpM. 
No. (2» 


Condition 


Prntroin 

Dir 


STA 


CWt 

A 

ST + 

CW + 

A 

ST + 

Brize 

<Ti-1S-3/Ti-64) *■ A 

ST + 

Breze 

(Ti-1S-3/Ti-64| * A 

ST + 

Brize 

(TH5-3/Ti-64) + A 

ST + 

Breze 

Cycles A 

ST + 

Brize 

Cycle * A 

8T + 

Breze 

Cycle A 

ST + 

m* 

Breze Cycle * A 

ST + 

CW-t- 

Breze Cycle -t- A 


evg. 

8 

8 

m 

ii 

I'll. 


ST + CW + A 
ST + CW + A 


(1) Notobtalnid 

(2) Spocimon Configurition: Figure A1 
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TABLE 26. - 600“f TENSILE PROPERTIES OF BETA-C WITH 
VARIOUS PROCESSING CYCLES 



< 2 ) 


66 




























MHkM. iimK, > «.,< M k 


IS 



















































































TABLE 30. - ROOM TEMPERATURE COMPRESSIVE PROPKHTIliS OK HETA- (. 
WITH VARIOUS PR0CRSS1N(J CYCLES 


















TABLK 31. - -65 V COMPRKSSIVK PROPKRTIKS OF BETA-C 
WITH VARIOUS PROCESSING CYCLES 


Sp«c. 

No. (n 

3-6 8TA 

3-6 STA 

•vg. 


Tilt 


Condition 


Oir 


Proftrain 


cy 


Oir 


(kti> 


T 

T 

T 


202 

198 

200 


3A8 

3A16 

3-38 

3.39 

3-53 


ST + CW + A 

STtCWfA 

ST * Braia (Bati-C/Ti-64) * A 
ST * Braza jBata-C/Ti-64) A 
ST-t-Braza (BataC/T!-64| -t- A 


avg. 



ST -t- Braza Cyclo A 
ST 4 Braza Cycia + A 



ST-«-CW4Braza Cycia 4 A 
ST 4 CW 4 Brt-ta Cycia 4 A 


T 

2 

T 

T 

T 

T 

T 

T 

T 

T 

T 

T 


L SpKiman Bant 

L Spaciman Bant 

Spaciman Bant 


L 

L 

L 


153 

167 

160 

1B7 

181 

184 

I92 

189 

190 


ID Specimen Configuration; Fian'9A2 




















SpK. 

No.m 

Condition 

3-46 

STA 

3-47 

8TA 

ivg. 


365 

8Tf CW + A 

366 

8T + CW + A 

avg. 



ST + Brata(Bitt-C/Ti-6-4) + A 


ST4Braza(Bita-C/Ti-6-4)^A 

avg. 



8T'<' BrazaCycla+A 


ST + BrazaCycli-^A 

avg. 


367 

STi-CW-t-Brazi Cycla-t-A 

368 

8T4CW4-BrazaCycla-^A 

avg. 



(1) Pirmintni Binding Notid. 


(2) SpKiminConfigurition:,PigurtA2 











































































TABLE 34, 500 HOUR CREEP TEST RESULTS AT 600°F FOR TWO BETA 

TITANIUM ALLOYS 



TMti and cold work (tintilo pratinin) iro in tho longttudlal grain diriciion 

Ml 

Craap ratal may Hill ba dacraaiing 

Ml 

"" Spaciman configuration; figure A1 






















AlllJ'. J'l. HIIMMAKY OF ORKKl' STAHILLTY FOR i'1-15-3 AND BETA-C SHEET 


Specimen^ 

Alloy 

Creep Rasults^^^ 

RT Tamila Propartiat 

Strait 

(kii) 

Creep 
Dat. (K) 

Nu 

(kii) 


a 

(K) 

E 

(M«i) 


Solution Traits Age 



(4) 

TM5-3 

Unexpotad 


■1 

160 

— 

15.1 

7 11 

n-is-3 

75 

0.135 

H9 

163 

mm 

14.8 

712 

Til63 

SO 

0.077 

179 

162 

to 

14,8 

(4) 

BatiC 

Unexpotad 

— 

191 

176 

8 

15.5 

M2 

BataC 

75 

0.058 

190 

176 


15.2 

1-13 

Bata-C 

SO 

0.062 

191 

176 


1S.4 


Solution Treat -t- Cold Work^^^ *■ Age 



14) 


Unexposed 

■m 

184 

173 

7 

14.4 



75 

HH 

195 

178 

7 

14.9 


Ti-15-3 

50 


185 

168 

7 

14.7 



Solution Traat 


(4) 

Ti-15-3/Ti-6-4 

Unexpotad 

7 31 

Ti-15-3/Ti-6-4 

75 

732 

Ti-15 3/Ti-6'4 

SO 

(4) 

Beta-C/Ti-6-4 

Unexpotad 


Beta-C/Ti6-4 

75 


Beta C/Ti 6 4 

50 


LongitudinBl 


6rs2B + Age 



153 

1 

139 

13 

15.1 

0.106 

159 

145 

12 

15.2 

0.056 

164 

134 

11 

15.2 

- 

mm 

149 

11 

15.1 

0.110 

■9 

148 

10 

15.3 

Hi 

162 

150 

11 

15.4 


Exposure conditions: 600'’F, 600 hours (Beferencs Table 34) 
131 

' ' Tensile strain in L direction 


(4) 


fiaselinj properties (Reference Tables 2t, 24) 
























TABI E 36. SUMMARY OF FATIOUE DATA FOR TWO BETA TITANIUM ALLOYS 
(RT, LAB AIR, R " 0.1, 15 Hz) (SHEET 1 OF 3) 



Coupon 

Configuration No- 

Maximum 
Nat Strait, 
kii 

Cyclat to Failura, N 

D.080 in. Ti-16-3: 

STA. 

Grain ■ Tranwarit, 2-72 

Kj“1.0 

(Figura A4) 

7-78 

776 

7-74 

100 

90 

80 

70 

70 

65 

65 

60 

41,770 
58,294 
81,085 (11 
159,545 (1) 
2,000,000 NF 
125,796 (If 
2,008,110 NF 
2.590,820 NF 

0.065 in. Bata-C: ' M 

STA, 

Grain = Tranwat», 1'*' 

R^-1.0 1-^8 

(Figura A4) 

182 

1-79 

80 

60 

55 

50 

50 

46 

44 

14,796 
41.259 
38,084 
- (2) 
91,090 
78,766 
107,812 


0.065 in. BttiC: 

STA, 

Grain = Longitudinal, 

K^-LO 

(Figura A4) 


0.080 in.Ti4S-3; 

ST + CW + A 
Grain = Trantverie, 

CW ■> Traniverta, 

R,= L0 
(Figura A4) 

0.080 in. Tl-15-3/0.070 in. Ti-6-4: 
ST + Brata + A, 

Grain “ Trannaru, 


(Figura A4) 


0.080 in. Ti-16-3; 

ST * Weld * A 
Grain = Tran»arta 

Kj=1.0 


(Figura A4) 


88-4 

100 

68-6 

95 

68-2 

90 

88-5 

87.5 

88-7 

87.5 

83-3 

85 

88-1 

80 

7-85 

80 

7-86 

70 

8-7 

60 

7-91 

65 

7-92 

52.5 

7-90 

50 

8-8 

50 

7-93 

45 

W-8 

90 

W-7 

60 

W-10 

76 

W-9 

65 

W-13 

65 

W-14 

60 

W.11 

60 




16,780 
27,459 
37,500 
70,587 
270,400 
216,455 
2,069,318 WF 
44,857 
35,064 
81,047 
44,824 
67,900 

2.000. 000 NF 

2.000. 900 NF 

39,418 
47,248 
530,916 
423,531 
958,897 
349,050 (31 
1,471,254 

2.000. 000 NF 

33,377 W 
30,050 PM 
55,100 W 
35,147 eOW 
732,338 W 
54,810 W 
2,000,000 NF 








Confquntioit 


0.080 in. Ti-15-3: 
ST-t-WtId + CW-fA, 
Qriln • Tnnivi'M, 
CW - Trinivif n, 
K,-1.0 
(Figun A4) 


0.080 In. Ti-1S-3: 
STA, 

Griln* Longitudinil 

Kt-2.6 

<Fjgun A6) 


O.06S in. Bitt-C; 

STA. 

Grain ■> Lcngitudinal, 
Kt»2.6 
(Figgra A6) 


0.080 in. Ti-16-3; 

ST + CW + A, 

Grain Longitudinal, 
CW B Longitudinal, 

Kt-2.6 

(Flgura AS) 


0.080 in. Ti-15-3; 

ST Braza cycia * A, 
Grain - Longitudinal, 


Coupon 

No. 


Maximum 
Nat Strait, 
kii 


Kt B 2.6 

(Figurt AS) 


0.080 in.Ti-15-3/0.070 in.Ti-6-4: 
ST + Brail + A 
Grain - Longitudinal, 

K|-2.6 
(Figurt AS) 



Cyclat to Failurt, N 


63,253 

81,820 

164,796 

172,066 

2,000,000 NF 
2,000,000 NF 



NF 


22,686 

123,785 

56,650 

85,136 

179,097 

2,000,000 NF 
2,000,000 NF 



2,000,000 NF 
2,000,000 NF 



168,100 
1,405,644 (3) 

2,000,000 NF 
















Conliguritlon 


Coupon 

No. 


Mixfmum 

NitStritt, 

kii 


Cyclnto Failurt, N 


0.080 in TI-16-3/0JI70 tn.Ti-64: 

4<9 

60 

1,361 

(4) 

ST * Braia * A, 

4-n 

40 

1,283 

(4) 

Grain ■ Longitudinal, 

412 

30 

32,334 

(4) 

Lap ihaar 


26 

28,879 

(4) 

(FigurtAO) 


20 

168,060 

PM (TI15-3) 


4-21 

17.6 

180,513 

PM (Ti.l&-3) 


417 

16 

833,938 

PM (Ti-16-3) 


419 

12.6 

2,000,000 

NF 


4-18 

10 

2,000,000 

NF 

0.066 in. BataC/0.070 in. Ti-6-4; 

111 

30 

36,000 

72,000 (4M5) 

ST + Braia + A, 


30 

45,000 

PM (Bata-CI 

Grain ■ Longitudinal, 


26 

56,412 

PM (BauC) 

Lap thiar 


26 

60, 262 

PM (BataC) 

(Figura AO) 


20 

127,879 

PM (Bita-C) 



16 

296,638 

(4) & PM (Bata-CI 


11-8 

12.6 

186,290 

PM (Bata-D 


11-4 

10 

570,261 

PM (Bata C) 


11-6 

7.5 

2,000,000 

NF 


(1) Ftllid tmy from cintir 
(21 Michini malfunction, tan invalid 
(31 Failed at gripi 

(4) Joint ihaar failura 

(5) Cbuntar did not nop 

NF ■ no failura, W • wald failura, PM - parent matal failura, EOW - edge of wald failura 
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Figure 24. - Typical Ti-15-3 panel after stretching. 












Figure 30. - Processing effects on 600 F tensile properties of Beta-C (average data) 






9 


§gSS§g§ss 




O O 




3 




I 

I 


88 


o 





Figure 34. Processing effects on room temperature compressive properties 
of Beta-C (average data) . 



Processing effects on -65®F compressive propertie; 
of Beta-C (average data). 



0.080 m. Ti^lS^, STA, 



Figure 37. Perent unnotched - l.o) fetiguc tent results for t«o beta tltanlun alloy 
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Figure 43. •• 


Mlcroatructure. and Eatigue crack path of bra^.ed and aged lap 
shear specimen no. 4-17. Arrows denote grain boundary 
alpha-phase precipitate in the Ti-15-3. 
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Figure 44. - Microstructure and fatigue crack path of brazed and aged lap 
shear specimen no. 11-2. Arrows denote grain boundary 
alpha-phase precipitate in the Beta-C. 
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+ L T (8p«c.K1, K2, K6I 
OT L |ipac.K7, K8, K9» 
Nonttrained and aged 
R.T.. lab air, R • 0,1. 
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♦ 


o 


+ l-T |i|mc.4A1, 4A2) 

OU |i|mc.4B1, 4B2I 
Slrainid* and agad 
R.T.. lab ak. R - 0.1. 6 Hi 


Praitnlnad in longitudinal dtraction 




OF POOR QUALirV 


« 


♦ 


4 ♦ 
4 


-t-Nontiriinid ind igid (ipic.K1. K2, K6) 
oSirainid* and ao*il liptc.4A1, 4A2) 

L-T oriantation 

R.T.. lab ak. R - 0.1. 6 Hi 


Prattfainad in longitudinal diraction 
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+ NomtriiMd and agad (ipk:.K 7, KB, K8I 
oStrainad* and agad iipac.4B1, 4B2) 

TL ariMtatkm 

R.T., lab air, R - 0.1. 6 Ht 


*Praitrainad in longitudinal diraclkm 









TASK 5 ~ JOININC; STUDIES 


^eldiuR methods were Investipated as a means of 
Jolntof^ " ^ joining the beta alloys compared with conventional mechanical 


Brazinp, Development 


brazing system was developed for joining beta 
Thl lr. 1 nerabera, such as stringers, to beta alloy or Ti-6-4 skins 

alloy8“a^rheatS’’dle8^1“®‘'''M employs aluminum-base brazing 

to «chU.e rapid 


Initial efforts were directed at brazing the beta alloys in the '’'•’A 

Sp«e ?2* lndlcaJL*'rr‘'t the brazing cycle/aginc conmatibiUtv, 

to mJnlflU ?Se ftrietriL«T ‘^®™P®^*ture below about 11-30®F was needed 


tested werr3003 ,®5tength and wetting, the two best aluminum braze alloy; 

thlTr I ^ percent Ita) , and 1100 (99 percent min. Al). But 

the^hrii? temperature is about 12150F. which dictated age-hardLlng after 

the brazing operation. Braze alloy 3003 was favored over 1100 because of its 
higher shear strength in all conditions tested (room temperature 600°F 


controlled u.lnp small dl».,la„ 

aultably spaced on one of the lolnt nenbers. Thicker paps provided no advar- 
tages while adding weight, and paps of 0.001 inch or less wUe vlrtuallv 
uninepectahle hy conventional X-ray technique mainly becnusrof t" ujee 

h“ze'lay:r!" “"<■ 'he thlf h^In™ 




C-scan and high sensitivity X-ray techniques verified aood 
having l6!^p8/anr^'r?nch''na?-bo?tSrholerir^ 

k?‘ M"u. 

braL',“Jucri«;«"r “ ““ 

to Ti-6-rusin»*^nn5® typical isothermal brazed joints of the beta alloys 
to Ti-6-4 using 3003 are shown in figure 56. Typical aging response 

(precipitate distribution) of the beta alloys as well a? ^Sr^atJ^of a 
titanium-aluminide layer nominally 0.0002 inch thick may be seen. 

of a §f nale^bfrr«^ * ‘ akin/stringer elements, each composed 

ot a single beta alloy zee stiffener brazed to a skin segment of T1-6A1-4V 

teninrir*" 5° (crippling) testa at room^temperature. This 

® was performed to provide substantiating data on the integritv of the 

aata'forJhe'wrt T”*™ =»">Pre»«ion lo«llng and aom. praflmlLry design 

dimensions arfaiJowrif figure IT. configuration and nominal 

The Ti-15-3 stringers were made from 0.063 inch thick annealed sheet 
room temperature brake formed on a 2t radius in the longUuZal dLe^tion 

T1 6^4 '^’he Stringers were brazed to the annealed 0.040-lnch thick 

U-6-4 skin segment, one specimen using 3003 aluminum brazing alloy and the 

:garin“lJ? 

braba’f^rSrin^ 2lr!«jr„;'’at ^dli:? tlln 'Z 

was brazed with 3003 braze alloy and the other with 1100. After brazing' rte 
specimens were aged in air at IOOO^’f for 8 hours. ciazing. the 

n:or.i,no? specimens were potted and machined flat, square, and 

parallel. The resulting test length was approximately 4 Inches. Two uniaxial 
gages were Installed back to back on each specimen, on the skin and 
attached stringer flange at the midspan of the tesf length (figure 57). 

To ensure uniformity of loading, a 2 inch diameter steel bearing was 

head and the steel compression block 
that roati'd dlroctly on the machined surface of the upper pottlnn box The 

over potting box remained in direct contact with the lower (movable) head 
of the teat machine. An WDT-type deflection transducer was ln«alled parallel 

’■“tins waa performed 

uuo“'ira2‘“°;“ ““““ ““ ^ “«ni. 
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widest portion of the Tl-6-4 f«^e Hheet wM of the 

fillet to the free edge of the <ikln the 

eulated uelng l.ockheed Strens Memo tlo stresses were cal- 

the fsce Sheet as a fUtVute”:Uh <;;« edg^ 

based on the crlpjring^streii^th^o^ stresses for these specimens was 

and was made using the procedure outl'lned 'in skin/strlnger cross-section, 
The skln/strlnger conflaurflMo^^^^ bockheed Stress Memo No. 126a. 

elements and a local crlnnllnB str ^4 component flat and curved 

and th. nUnnntal':LrSf "‘te tl" 

each element. The average crlooHna «V». loading capability of 

dividing the sum of thesf elemurUl loLs“bv°the 

section. The final faiin*... w oaas by the total area of the cross 

dimensions for each design. ^ calculated using the average specimen 


Beta-J'’werrJrJL^ela8?ic^i'?Lr'of^?Je^ the 

Although the predicted stress In tho ^ espective stress-strain curves, 

did enter the inelastic region of the ailure for the Beta-C specimens 

of Pln.tlciry „a. .o nn«n\*hat It 

The material property data used for Ti-fi-A >.u 1 

from reference 13. The properties for T1 ll 1 analyses were taken 

data obtained In tasks 3 and 4 of this 

tlon between the analysis and test reLltf 1 correla- 

dlscussed below: results is presented in table 37 and 

* -sardl... 

recorded LtwLn the ‘ variation was 

* Hl9?r3S; f ;SiiVSrDr ---- 

3 percent below tliat of the two Tl-15 3 ^ atreaa and only 

apeeimena ate displayed in tfn“re bJ TeMeirr.'a/''" 

deflection cureea arprcLn^d’^LllnurnK^ load/atraln and load/ 

* IrtoSL«:fby X'dTver;e,';ee atrZ“““™ 

a',vuytr ,f --K^^Veieen 

ported akin eLe,‘I‘.’" “Po”Stl. of the widest nnaup- 
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• It appears from these tests that the full crippling strength of the 
cross section can be attained using cither 3003 or 1100 brsKe alloy. 


Welding Development 

Mechanized TIG arc welding was selected to demonstrate butt Joining of 
beta alloy sheet or strip. Single-pass square butt welds without filler metal 
addition were made in 0.080 inch Ti-15-3 and 0.065 inch Beta-C sheet. The 
basic TIG welding machine setup was as follows: 

Power Supply - Dimetrics 600 amp DC at 16 kHz, DCSP 

Programmer - Dlmetrlcs Gold Track II 

Carriage - Dimetrics with AVC head 

Torch Gas - Helium 

Trailing shield and underside gas - Argon, with Lockheed-designed purge 
control box to maintain preset flow and pressure to underbead. 

Electrode - 2 percent thoriated tungsten, 3/32 inch diameter machined to 
25-degree included angle with 0.020 inch diameter point. 

Cup - No. 12 

Sheet preparation - Milled edge, alkaline clean, Hitrlc-HF acid pickle, 
draw file and acetone wipe just prior to welding. 

The weld beads were within 0.006 inch of flush and not dressed. Welds 
met dimensional. X-ray, penetrant, and metallographic Inspection criteria 
for critical structural aircraft welds, with only some minor scattered 
porosity evident. 

Weldments were evaluated as-welded and after aging. Tension and bend 
test results are given in table 38 for Ti-15-3 and table 39 for Beta-C, 

Full joint efficiencies with good ductility were attained in both as-welded 
and weld plus aged conditions. The Ti-15-3 TIG welds withstooa a 4t bend 
radius and the Beta-C welds made 3t, confirming good as-weidea ductility. 

Microhardness surveys of the Tl-15-3 and Beta-C weldments were made on 
as-welded and weld plus aged joint cross-sections. The hardness traverses 
are shown in figures 62 (Tl-15-3) and 63 (Beta-C) along with the cross- 
sectional nhotomacrographs. For either alloy the hardness values were 
suDStantiaiiy unit'otm across the base metal, heat-affected zone (HAZ) and 
weld, in both weld conditions, without notable hard or soft zones. The 
as-welded Ti-15-3 does appear to display a minor aging reaction in the 
vicinity of the HAZ, which was compatible with the tensile failures occurring 
in the softer weld zone. 
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TABLE 

37. - ANALYSIS ANU TEST RJ-ISULTS OF ROOM TEMPERATURE SHORT-COI,UMN 
CRIPPLINO TESTS OF EKE-S'J'U' FENEl) ELEMENTS 



Initiil Buckling, 
Pii 

Failure, 

pii 


SpKimmlD 

Oncription 

■ ■] 

Pridiction Tiit j 

Pridiction Tut 

Comminti 


TMS-3itringir/ 66,900 
Tl-04ikin 
13003 iluminum 
brut) 

TM6-3itrlngtr/ 64.600 
Ti-6-4 skin 
(tlOOtluminum 
brill) 

Biti-C itringir/ 69,600 
Ti*6‘4 ikin 
<3003 Iluminum 
bnii) 

Biti-C tiringar/ 66,900 
TI-6-4 akin 
(1100 Iluminum 
brill) 


66,600 94,700 113,400 Showid lomi ividinci of Hpirillon 

It tbi brill iniirfici bitwiin thi 
Itringir ind ikin 

62,300 94,700 114,300 Stiowid no viiibli ivIdinci of tip- 

irition It thi brsii jntirfici 


1 1 0,300 Stringir contiinid twin prior to 

potting 

Stringir popped loon from thi ikin 
iiqmint it miximum loid 

89,000 Hiid reilignmint notid following 
initiil buckling 

Loid dropped will below miximum 
vilui bifori npirilion wit 
obnrvid it briii Intirfici 


54,100 99,300 


Non: Allitremtiraivengid 










ro 








TABLE 39. » MECHANICAL PROPERTIES OF TIG WELDS IN 0.065-INCH BETA-C 


Cpndltion 


8T 

ST^MMd 
ST-fWild 
8T4Wtld 
ST* Wild 
8TAO) 

$T*WHd*A|i(4) 
8T*Wild*Agi(4) 
ST * Wild t Ah (4) 




■ ■ I 1 

(t) BtndMhorloadlnidlraGtioniiappifeaMi. 

*•'“ ^ •'«* w«t 0" 00 Qf bind. 

<B) SpNbninConfiiuration: Fi|vnA1 


OF POOR QUALI 
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Figure 54. - Room temperature shear 


strength of brazed titanium Joints 
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Figure 56. ~ Sections thru 3003A1 Isothermal brazed Joints, (Top) Tl-15-3/ 
Ti-0A3.-4V, aged 940°F-12h; (bottom) Beta-C/Ti-6A1-4V, aged 
1000OF-8h. Mag. 2 SOX, 
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Figure 57. 


Specimen geometry for short column 
tests of zee-stiffened elements. 


crippling 


• V 
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Figure 58. - Typical test installation - short column crippling tests 
of zee-stiffened elements. 



Figure 59. - Ti-15-3 zee-stiffened elements after crippling test 
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Figure 60. - Beta-C zee-stiffened elements after 


crippling 



Load (kips) 

lb) Specimen B, dellection vs load 

Flpure 61 ,. - lOxi^mpluH of load/straln onil load/do.f Icn'.tltm curvos -■ 
column crippliiiR Lest of lieta-C. ucc-sti f fcnod ciomcnL 
spoc.lmcti B. 
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TASK 6 - PANEL SPECIMEN FABRICATION 


Design and Fabrication 

Lockheed's analytical studies for NASA in the design of supersonic cruise 
vehicles have Involved all aspects of airframe design for vehicles with cruise 
speeds ranging from Mach 2.0 to Mach 2.7. In one of these studies, under 
contract to NASA LaRC (ref. 27), a conprehensive analytical study was per** 
formed to assess the various structural/material approaches for design of pri- 
mary wing and fuselage structure of a Mach 2.7 arrow-wing supersonic cruise 
aircraft. Various wing structural arrangements were Investigated. Among 
these, a spanwise stiffened wing structural arrangement was evaluated for 
various wing surface panel concepts Including the zee-stiffened, Integral 
zee-stiffened, hat-stiffened, and blade-stiffened concepts. The least weight 
concept (most structurally efficient) for this arrangement was the 
hat-stiffened. 

^ A weight penalty was associated with an all beta titanium design due 
to the large amount of wing surface area that is lightly loaded. Hence, the 
lower modulus /density ratio of the candidate beta alloy (Beta-C at that time) 
presented heavier designs than those of the corresponding T1-6A1-4V (annealed) 
designs. However, in highly loaded regions, such as the wing box near the 
root chord, the Beta-C designs showed promise of weight savings because the 
stress levels are sufficiently high to take advantage of higher inelastic 
strength capability of the beta alloy. Also, considerable cost savings are 
available using a beta alloy due to Its cold forming capability when compared 
with the hot forming requirements of T1-6A1-4V. Therefore, a hybrid design 
using a Tl-6-4 surface skin and beta alloy stringers joined by Isothermal 
brazing appears to present an efficient structural arrangement. 

To demonstrate the compressive buckling capability of the Isothermal 
brazed hat-stiffened panel design, a series of six short-column compression 
teats was conducted. The cross-sectional geometry of the test panels 
approaches optimum proportions: the stresses for local and general instability 
failure modes are approximately equivalent. Each of the panels had three beta 
titanium stringers which were brake formed to the hai: configuration, then 
isothermal brazed to an annealed Tl-6-4 skin using 3003 aluminum brazing alloy. 
Four of the panels had Ti-15-3 stringers and two had Betg-C stringers. After 
brazing, the Ti-15-3 panels were aged in a vacuum at 940 F for 12 hours and 
the Beta-G panels were aged at 1000 F for 8 hours. Nominal panel dimensions 
and a completed panel are showt; In figure 64. 
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Testing 


ahH TI-15-3 stiffeners were tested, two at room temperature 

Ih ^*Ann8® Stiffened panel was tested at room temperature 

and the other at 600 F. Test length of the panels was 13 inches after potting 
and machining the ends. The panel edges were supported during test by slotted 
tubes, as shown in figure 65, to prevent premature buckling. Ten strain gages 
were installed on each of the room temperature panels, as also Indicated in 
figure 65. A clamshell radiant heating arrangement was used for the elevated 
temperature tests with thermocouples attached to the panels to monitor temper- 
ature. Test temperature was held within ±25°F. An LVDT-type deflection 
transducer measured machine head travel continuously during testing. The 
panels were tested in a 400-kip universal static test machine. Typical 

test Installations for the room temperature and elevated temperature tests 
are shown in figure 66. 


The initial buckling mode for these panels was that of the Ti-6-4 skin, 

I'he initial buckling stress was predicted using the method described on 

of reference 28, and assuming simply supported boundary conditions. 
Both the skin widths under the stringers and between stringers were analyzed, 

and the predicted location of initial buckling for all six panels was between 
tne stringers. 


Panel failure was by crippling of the cross section. The crippling 
stress was predicted as in task 5. A conservative estimate (ref. 28 
pages 3H-376) of the effective width of the between-stringer skin sections 
was used to account for buckled skin, and inelasticity was taken into account 
where applicable. The crippling analysis Indicated that the Tl-6-4 skin 
stresses at failure were in the inelastic region for all six panels, but 
the only stringer stresses in the inelastic region were those of the Tl-15-3 
elevated temperature panels. 


The material properties used for Tl-6-4 were taken from reference 13, and 
measurements made in taik 4 provided the stress-strain curves used for the 
beta alloy stringers. The predicted initial buckling and crippling failure 
stresses and the corresponding test results are summarized in table 40. A 
discussion follows: 


• Of the four panels with Ti-15-3 stringers, panel 6-9, tested at room 
temperature, failed within one percent of the predicted value and 
panel 0-8, tested at 600 F, failed within 8 percent of the prediction. 
Panels 6-10 and 6-11 had considerably larger differences between 
predicted and test failure loads, 18 and 17 percent, respectively; the 
suspected reason tor the low test failure loads for these two panels 
is a variation In aging response of the Tl-15-3 stringers because 
stringers for panels 6-8 and 6-9 were from one sheet and those for 
6-10 and 6-11 from another sheet. Photographs of the failed panels 
are oresented In figure 67. A typical load/straln curve Is shown in 
figure 68. 
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• The initial compression buckllnR stress of the Tl-15-3 panels as 

Indicated by the divergence in the strain gage recordings, fell within 
20 percent of the calculated buckling strength of the widest element 
on the Ti-6A1-4V skin segment, the skin between the stringers. In 
three of the four cases the prediction was conservative. 


• The room-temperature Beta-C stiffened panel No. 6-5 failed within 
2 percent of the predicted value, with an initial buckling load abgut 

. 15 percent higher than predicted, Beta-C panel 6-1, tested at 600 F, 

I failed 22 percent below the predicted load, and was at a load about 

25 percent lower than the predicted value when its skin began to 
buckle. Photographs of the panels after testing are shown in 
figure 69. 

• In all six tests the brazed joints remained intact until after panel 
failure. Disbonding after failure was generally minimal and confined 
to the imutedlate vicinity of tiie crippled flanges. 
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TABLE 40. - ANALYSIS AND TEST RESULTS OF SHORT COLUMN CRIPPLING 
TESTS OF HAT-STIFFENED PANELS 




Test 

Temp 

InItitI Buckling* 
(kill 

Failure 

(kil) 


SpKimtn 

ID 

Stringer/Skin 

Prediction 

Test 

Prediction 

Test 

Comments 

6-6 

Bett-C/T!*64 

Room 

66.0 

76 

116.0 

118.1 

Pailurt occurred 4 inches from top 
of panel 

Stringers fractured at several loca- 
tions along-failura lint 
3 to 4 inch disbond after failure 

6-t 

Beta-C/Tl-64 

600‘^P 

60.1 

46 

92.2 

76.8 

Crippling failure occurred at midspan 
Slight disbond noted after failure 

6-9 

Tl 1S-3/TI-6-4 

Room 

62.9 

76 

120.7 

121.3 

Crippling failure occurred 9 Inches 
from top of panel 
Slight disbond noted after 
fellure 

6-11 

Ti-16-3^1-6-4 

Room 

60.7 

66 

121.7 

104.4 

Crippling failure occurred in lower 
1/4 length 

Buckle not straight across panel 
Stringers crecked on bends at 
failure location 

3 to 4 inch didiond noted after 
failure 

6-8 

Ti-16-3/Ti-6-4 

600'*F 

62.0 

62 

91.9 

84.8 

Crippling failure occurred 4 inches 

from top of panel 

Slight didmnd noted after failure 

6-10 

Ti-1S-3/TI-6-4 

600*>F 

63.8 

70 

92.4 

78.4 

Crippling fatture occurred 4 inches 

from top of panel 

Slight disbond noted after failure 


* Initiil buckling wii ditirminid from itrain gago rocontlngi for room tamparatura tiiti and by vltual observation 
for alivatid tamparatura taiti. In all cam, Initial buckling occurred on tha skin bativaan the itrlngara. 

Note: All tlratiat art averaged. 
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Oimtmtoni In Inchtt 



0.070 


Btit C UifftiMr; t - O.OBS, r > 0JS2 
TMS-3 itiffmir; t - 0.000. r* 0.227 


Figure 64. - Specimen geometry for short column crippling 
of titanium hat-stiffened panels. 
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Nota: AK gagaa hicatad at mid tpan 
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Figure 65, - Strain gage locations on room temperature panels - 
shorn column crippling tests of hat-stiffened 
panels . 
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Figure 69. — Failed panels with Beta— C stringers — short column 
crippling tests of hat-stiffened panels. 
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TASK 7 - WING PANEL FABRICATION 


/.niH relatively large hat- stiffened panels were fabricated using Tl-15-3 

cold-fomed stringers isothermal brazed to a Tl-6-4 skin. Three of the panels 

Design and Fabrication 

The panel design represents an SCV wing upper surface panel between 
two ribs. The panels were 20 inches wide by 48 Inches long, containing 
^nn5 Ti-15-3 stringers isothermal brazed to a Ti-6-4 skin using 

3003 aluminum brazing alloy. Cross-sectional proportions and pitch were the 
same as those of the crippling panels in task 6. After brazing, the panels were 
aged in a vacuum at 940®F for 12 hours with no restraint fixturlng. Flatness 
was checked before and after aging by means of deviation from a straight 

essentially flat (within 0.030 inch), demonstrating 
that brazing in the fixture appears to effectively size and stress relieve 
A completed panel is shown in figure 70. 

Static Compression Tests 

One panel was tested at room temperature and one at 600°F. Test length 
of the panels was 40 Inches after potting and machining the ends. For full 
fixity, the effective panel length or distance between points of contraflexure 

sSJJon^rthrskln.’'^’’ providing simple 

Strain gages were Installed and the edges were supported by slotted 
tubes as depicted in flpures 71 and 72. An LVDT-type deflection transducer 
was used to measure machine head travel and clamshell radiant heating was 
used for the 600°? panel. Test temperature was held within +250F. Figures 73 
an 74 show the installations of the test panels in the 400-klp Universal static 
test machine. Load rate was 1200 pounds per second for the RT test and 
1000 pounds per second for the 600®F test. 
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flaw was Introduced In the ttnnai j ^ flight fatigue spectrum 
Ings was applied. Finally the oanel La ® Z®^®*^** lifetime of fatigue load 
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at room temperature All testing was performed 
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the cHmb, erulHe, and descent segments i.f TVllan '*K«<*<lated with 

loadings are Included In the limdino * l^sht, lenslnn-tensjon fatigue 

t.. UK- wine uppnr auJtnL XwrSi;?nr^‘',';“r V,' 

flight. Thp KfPtnnn. ptrZ Led df 

minimum stress ratio In the^^loadlnKs^Lr'Tlie^T Ion with the 

the calculated crippling stress to prevent urer!tur’'‘‘r ri‘‘’ with 

during fatigue loading. The spectrl aun ( isT the panel 

table 42. Figure 76 diagrams a unit ni !*•'»»<' I Is presented In 

variable loadings applied at the inU . I’toflU'. Table 42 lists the 
flight llfetlmef Indicated intervals during the 20.000 

TI-15-3 stiffeners after the first between the two center 

growth analyses were conducted to estlmate\he IniM^^'" Crack 

grow to the edge of the bar stiffener within thfi ^ i**wr that would 

The analyses were conducted using the methods (20.000 flights), 

the effectiveness of the flanges of reference 29 and 

growth rate as the crack approached thO 1" slowing the crack 

of R - -0.36 used in the OLlysL was der'v'e d ‘’‘^nsldered. The value 

cracS growth data at R— 1.0 and at R =0 ( T ^ ^ constant amplitude fatlguf 
between the R value for a conltant JmnHt. t relationship ® 

powth. These data indicated that compressLn^ltadf crack 

less than -0.36 have the same effect ol ^««ooiated with R values 

R^ - -0.36 with the same maximum tension strLO ^ 

the loaOs'evOnJy' ^UroOg^Oit^tl'O paOerO^os's-Oeft"'""" distribute 

in figure 7 7, consisted of maple wood fillers bat^"* illustrated 

aluminum doublers in a cascading arrangement stringers, 

steel plates and gussets outside of the douhl« with 

and adhesive bonded to the panel leavlnp fixturing was bolted 

20 inches. The edges of the panel we « panel length of 

ends of the panel/fixture were machined slotted tubes apd the 

were Installed at the ends of the unrelnfor^’d parallel. Flexures 

lateral deflection of the panel durinp portion of the panel to prevent 

used during the residual\ompressLf were not 

tallgao portion o( thfLat aLS «JLZL[rr''r‘‘ durlL L" 

teat. In the 220-klp Ml's fatigue teat machine th® \ 'r: tompresalon 

by a position feedback transducer 0 ^ 11^11 i were measured 

For the static residual atrengtrtcst 1 

was used. Photographs of the panel inst ill i t ‘‘eflectlon transducer 

machine and in the 400-klp Universal statlc^'^est .1 fatigue test 

figure 79. static test uacliine are presented In 
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After Installation of the panel in the test machine, preliminary load/ 
strain surveys were performed and the fatigue loadings were applied to the 
test panel. Data were recorded periodically to etisure that the test machine 
was achieving the required stress levels. Typical loadings recorded during 
1 light number 1000 are shown in figure 80. Explicitly, the cycles of loadings 

uionno summing the columns ("Unit flight" through 

20000 flights") which are exactly divisible into the number of this given 
flight. Thus for flight number 1000, the complete listing of loadings applied 
would Include the summation of loadings for columns "Unit flight", "100 fits." 
500 fits", and "1000 fits" in table 42. 


on*, 10,000 flights, a disbond between the panel skin and 

one of the wood tillers was noted. Each subsequent load^traln survey during 
the two lifetimes of fatigue testing showed distinct, though relatively small, 
increases in the stringer strains for a given compression load, probably 
indicating a slight redistribution of the load over the panel cross-section 
because of the disbonding in the text fixture. No other problems were encoun- 
tered throughout the remainder of the testing. 

nn « inspection at the end of the first lifetime <20.000 flights) showed 

no evidence of cracks or growth of existing voids in the braze as f result 

between the two middle 

.1 -j- »»a 

At the end of the second lifetime, the craclt IpnorVi uaa o * u 

tha“?rLiiKl“'Tanalon”t^ T™ 

a ^ 1 Tension-tension constant amplitude loading with S„a„ - 15 nnn nc< 

and R=0.1 was applied to further extend the crack beforrtha 

baelnnlng to grow up tha side of one atlffajerras 
no :v?d“a"; 

wia residual conpreaslon test 

buckUne at 190 readings during testing Indicated initial skin 

1 percent below the predicted value. The 

panel failed In crippling at a load of 341,000 pounds; there was no lateral 
deflection indicative of long-column failure. The brazed joints remained 
ntacL until panel failure, but disbonded over the entire unsupported panel 

e2" ; f " ^ ’^-P-^'^'^tative load/strain cTve iVpJesen- 

The .vri "" photograph of the failed panel is shown in figure 85. 

l ited sti . compressive strength was above 95 percent of the calcu- 

lated strength for an undamaged panel. 
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Weight Study 


A theoretical weight comparison was made between a conventional, hot- formed 
and riveted all Ti-6-4 hat-stiffened panel and an isothermal brazed panel with 
cold-formed Ti-15-3 hat stiffeners and Ti-6~4 skin. The Ti-15-3 brazed panel 
was chosen as the baseline and crippling was considered to be the critical 
failure mode. The room temperature crippling load of the brazed panel 
(361,400 pounds) was used as the design load for the riveted panel. Two 
approaches were Investigated in designing an all Ti-6-4 riveted panel based 
on the large (20-by 48-inch) wing panel geometry. In one case, the stringer 
thickness was held constant at O.O'^O inch and tl.a skin thickness was increased 
until the design load was reached. In the second, both skin and stringer thick- 
nesses were increased. In each case, 3/16 inch diameter rivets were used to 
attach the stiffeners to the skin and sufficient width was added to the flanges 
of the stiffeners to ensure proper fastener edge distance. Table 43 sutiunarizes 
the results of this study. Both design approaches showed that the brazed panel 
with Ti-15-3 stiffeners was about 16 percent lighter than the conventional 
titanium panel. 


Cost Study 

A preliiidnary cost analysis was made to compare the cold- formed/ isothermal 
brazed beta titanium fabrication method for a 20-inch by 48-inch hat stiffened 
wing panel with state-of-the-art hot-formed/rlveted assembly of a comparable 
'fi-8-4 structure. Panel geometry was kept as nearly constant as practical. 

The riveted panels required slightly wider flanges to maintain proper edge 
distance. The analysis Included factors of raw materials, processing, tooling, 
equipment, and associated recurring and nonrecurring costs. Where applicable, 
labor hours were taken from the Lockheed-California Company "Engineering Cost 
Handbook" and planning/operation sheets, 

Table 44 gives projected unit coats for quantities of 50, 100, and 200. 
Compareu with the conventional Tl-6-4 panel, the cold-f ormed/lsothermal brazed 
structure composed of Ti-15-3 stringers and a Ti-6-4 skin shows projected 
savings of at least 25 percent. 
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TABLE 41. 


ANALYSIS AND TEST RESULTS OF LONG-COLUMN COMPRESSTnu 
tests of REPRESEMTATIVE TITANtUM WlJcTJlNaf " 






Panil 

ID 



Long Column 
Buckling Strait 


Stringer^kin 

Te*t 

Tamp 

Calculated* 

Ikti) 

Test 

(kti) 

Commanti 

7-2 

Ti-15-3/Ti-6-4 

Room 

66.0 

64.8 

Failure in potting material after attaining maximum load 
No braze leparation 

7-1 

Til5-3/Ti-64 

60QOF 

60.3 

58.2 

Strain gage iti recorded no data during teit 
No braze separation 


*Bttad on and fixity of 3D 
Note: All stretsas are averaged 
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Figure 70. - Cold-fomed, isothermal brazed representative titanium wing panels - task 7 
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Figure 75. - Panel 7-2, load/strain curves (gages 3 and 10), long column 
ccmpression tests of representative wing panels. 




Unii: flight leading sequence and magnitudes for beta titanium 
alloys study, upper surface panel. 
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Figure 79. - Fatigue and static compression test Installations of panel no. 7-3 
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Figurs! 82. - Prt<dlcted and actual crack growth history - 
fatigue/crack growth test of representative 
wing panel 7-3. 














TASK 8 - METAL MATRIX COMPOSITE (MMC) SELECTIVE 
REINFORCEMENT CONCEPTS 


This task Investigated the feasibility of using metal matrix composite to 
selectively reinforce beta titanium structural components on an SCV. It 
Involved the design, analysis, fabrication and testing of coupons and short 
elements of selected structural concepts, and assessing the data for scaling 
up the concepts to selectively reinforce full-size wing panels. 


Design and Analysis 

The Tl-15-3 zee-atlffeiied skln/stringer configuration of task 5 was chosen 
for assessing the metal matrix composite selective reinforcement concepts. The 
task 5 crippling test results thus provided baseline data for the unreinforced 
skin/strlnger configuration. From a producibility and structural stability 
standpoint, the unsupported (upper) flange of the zee stiffener was the 
selected reinforcement location. Initially three candidate design concepts 
as depicted in Figure 86 were reviewed to select two concepts for evaluation 
having the most promising combinations of fiber/matrix system and compatible 
Joining process. 

Two fiber/matrix systems used for preliminary sizing of the reinforcement 
were state-of-the-art products of AVCO Specialty Materials Division: 1) SCS-6/ 

Tl-6-4 consisting of 35 volume percent silicon carbide (SIC) continous fila- 
ments consolidated in a matrix of T1-6A1-4V foil by diffusion bonding, and 
2) SCS-2/6061 containing 45 volume percent SiC in a 6061 aluminum matrix. The 
analysis indicated an optimum reinforcement thickness of 6-plies for either MMC 
system, with a relnfoi cement width of 0.5 inch. The outer skin of matrix alloy 
was then Increased to facilitate subsequent Joining to the beta titanium 
structure. 

The three candidate design concepts (figure 86) were analyzed to assess 
the effect of the MMC material and Joining method on their load-carrying 
capability and weight. The crippling stress of the cross-section was deter- 
mined, then the optimum column length (simultaneous column and cripping failure) 
and associated weight were calculated for each concept. This theoretical weight 
comparison is summarized in table 45. Concept 1 (SlC/Tl-6-4, isothermal braze) 
was used as the baseline. Concept 2 (SiC/Ti-6-4, spotweld) requires a MMC 
2-plies thicker than Concept 1 to carry equal crippling load, but their relative 
weights remain essentially equal. Concept 3 (SlC/6061, LID diffusion bond) 
was 6-percent lighter than the other two concepts. Concept 3, however, was 
eliminated because it was felt that the 6061 aluminum would lose its shear 
transfer capability at the 600‘’F service temperature. 



Fabrication 


„ compoalte . - The MMC laminates received from AVCO were 6-nlles 

of 35V/0 SlC/n-6-4 with a nominal 8 mil a-- in of Tl-6-4 on each side, result- 
ing in a total thickness of 0.064 inch, u. . 30v/o SiC. The material was 
ordered in machined specimen widths of 0.250 and 0.500 inch for compression 
and component tests, and in a sheared specimen width of 1. i in. for the lap 
shear tests. The reported tensile strengths of the MMC varied considerably 
from panel to panel. Thus, for the purpose of correlating the test data, the 
irst number of a teat specimen ID identifies the parent MMC panel number. 
(Example: specimen 8-1 la from panel no. 8.) 


development. - Concept 1 (figure 86) required establishing the 

hr*. ? O the SlC/Tl-6-4 compoalte using the isothermal 

brazing process and 3003 aluminum brazing alloy. 


cleaning of the MMC resulted in a scattered, dark surface 
smut. ED^ of the smut revealed nitrogen enrichment which is thought to be 
a residual from the consolidation stage (possibly boron nitride stopoff ) . 

This smut condition was mechanically removed by vapor honing prior to brazing. 


The braze shear strengths shovm below for SiC/Ti-6-4 to Ti-15-3 lap joints 
were below the 11.0 to 13.7 ksi range obtained in task 5 for Ti-6-4 to Ti-15-3 
Contamination due to surface smutting could be a factor 


Joint Combination Shear Strength (pal) 

(Braze alloy 3003 Al) As-Brazed Aged 940°F-12h 


0.063 

in. SiC/Tl-6-4 

7,850 

9,650 


to 

8,180 

10,500 

0.063 


8,740 

10,700 

in. Tl-15>3 

10,200 




10,300 



Microstructure of the SiC/Ti-6-4 isothermal brazed to Ti-15-3, and then 
aged at 940 F for 12 hours, is shown in figure 87. Good wetting was achieved, 
and no detrimental fiber/matrix interactions were readily observed. 


NOTE: Brazing a single flat strip of Ti-15-3 to the SlC/Tl-6-4 com- 

posite causes significant lengthwise bow, apparently a result 
of differential thermal expansion and contraction rates of the 
materials. This is evidence that more symmetric MMC placement 
is preferred. 


161 


Spotwaldlng Dtivelopment . - The two spotweld joint combinations required 
for desJHn concept 2 (figure 86) were 0.063 in. Tl-15-3 (n^vod) to 0.040 in. 
Ti-6-4 (annealed), and 0.063 in. Ti~l5-3 (aged) to 0.063 in. SlC/Tl-6-4 com- 
posite. The Ti-i5-3 was aged 940‘’F-12 hours before spotwelding, and the 
joints were evaluated in the as-welded state. A summary of the spotweld pro- 
cedure development evaluation is given in table 46. 

Spotweids between Ti-15-3 and Tl-6-4 displayed satisfactory shear 
strengths, regular nugget shape and size, and no evidence of Internal defects. 
Photomicrographs of a transverse center section of a representative spotweld 
are shown in figure 88. Longitudinal sections exh-.bited identical micro- 
graphic features. The symmetrical columnar growth within the weld nugget 
suggested thorough mixing of the two alloys and symmetric solidification. This 
was further verified through SEM study and EDAX. A vanadium X-ray map of the 
fusion xone exhibited uniform distribution of vanadium over the entire region. 
Quantitative EDAX analysis of the weld nugget showed almost identical compo- 
sitions on both sides of the interface with about 12 percent vanadium in both 
locations. Thus, thorough mixing of the T1-6A1-4V and Ti-15V-3Cr-Sn-3Al 
alloys is Indicated. 

Spotweids between the Ti-15-3 and SiC/Ti-6-4 composite were unsatis- 
factory. The presence of SiC filaments completely changed the weld nugget 
structure. 

A transverse section of the SiC/Ti-6-4 away from the spotweld location is 
illustrated in figure 89. Though gaps from the consolidation stage were 
observed between the filaments, their distribution was fairly regular. 

Transverse and longitudinal sections through the center of the spotweids 
are shown in figures 90 and 91 at several magnifications. The size of the 
fuzed zone has decreased. X-ray mapping indicated that the nugget was poor in 
vanadium, which substantiates that melting was mostly confined within the 
SiC/Ti-6-4 composite material and little mixing has occurred with the Ti-15-3. 

Spotwelding caused bending of the filaments and some cracks were observed 
in the filaments. Figure 90 also illustrates the formation of shrinkage 
cracks around the filaments. Most of these cracks were located near the 
center of the nugget which is the area that solidifed last. The columnar 
grain growth of the Tl-15-3/Ti-6-4 weld (figure 88) was .absent in the Tl-15-3/ 
MMC weld nugget. Instead, a fine dendritic structure wus observed within 
this area which suggests a rapid solldif icaticMi process, and an annular ring 
of a fine cellular structure was observed around the SiC filaments (fig- 
ures 90 and 91). Figure 92 is an SEM photograph of a filament and its 
adjacent matrix area containing some shrinkage cracks. Quantitative EDAX 
performed at locations A, U, C, and I) (figure 92) revealed that the white 
ceiiuiar growth at location A was rich in silicon (14 percent). Tlie silicon 
content decreased sharply as the distance from the filament Increased. Around 
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2 wC. percent silicon was measured at locations B and C on either side of 
the crack, and the silicon content was reduced to 0,82 wt. percent at U. The 
2 wt. percent silicon in titanium can increase the temperature difference 
between solidus and liquidus over 300®F, which encourages dendritic growth, 
and In turn makes the alloy more prone to shrinkage cavity formation. The 
dendritic solidification pattern is evident at the shrinkage cracks in fig- 
ure 92 (right-hand bottom side of the filament). Apparently* le filaments 
being of lower thermal conductivity dissipate less heat; consequently, molten 
material around the filaments freezes last and shrinkage cracks develop. 

An attempt was made to limit weld nugget penetration to the outermost 
8 mil Tl-6-4 skin of the SlC/Tl-6-4 composite by adjustment of the spotwelding 
parameters and heat balance. Transverse and longitudinal sections through 
the center of the bond made between Tl-15-3 and the SiC/Ti-6-4 are shown in 
figure 93. Microscopic examination indicates that the interface has the 
nature of a solid state diffusion bond, although some melting has taken place 
within the composite (where resistivity might be highest) as evidenced by 
presence of the fine solldifir.atlon structure. Fiber distortion was minimal 
and no shrinkage cracks were seen. As shown in table 46, the shear strength 
of the resistance bond was comparable to the strength of the spotwelds which 
had a high degree of penetration. The reliability and repeatability of this 
type of bond is yet undetermined, and work on the resistance spotweld approach 
for Joining SiC/Tl-6-4 to beta titanium was discontinued. 


Testing 

Coupon and short element compression tests of the selective reinforcement 
design concepts were performed. 

Coupon tests . - The effects of the joining processes and heat treatment 
on the compressive properties of the SiC/Tl-6-4 MMC were evaluated. Tests 
included the baseline MMC, MMC with simulated brazing cycle, MMC joined to 
Ti-15-3 by isothermal brazing or spotwclding, and spotwelds between Tl-6-4 
and Ti-15-3. Ti-6-4/Ti-15-3 brazed joints were covered in task 4. 

The basic test coupon configuration is shown in figure A8 of the appendix. 
The 0.90 in, gage length was selected based upon spanning at least two spotwelds 
for the maximum spotweld pitch tested (5/8 inch). Two strain gages wore 
attached back-to-back in the test section. Using hydraulic grips, loading 
was primarily in sliear through bonded grip tabs. End loading was also 
available in the grips. The loading rate was 0.010 inch per minute. 

Results of the coupon compression tests are presented in table 47. All 
coupons failed by buckling (or bending) in the test section. These limited 
tests show that the brazing and/or aging thermal cycles had negligible effect 
on the compression strength or modulus of tlie SiC/Ti-6-4 composite. Test 
results of the spotweld and brazed Joint specimens are generally ineoneluslvu , 
although the brazed joint strengths were higher. 
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zee 1 specimen configuration Is Identical to the 11- 15-3 

?ic7?LLr. 5 (see figure 57). with the addition of the 

of the stringer?* “"^directional reinforcement on the unsupported flange 

«hapJ'1h'a'M^^rarrJn."r‘',”d‘‘‘Tl!n sk?„“ 

ualnu 3Q03A1 KrL?! iT ’ 9 sl'l" segment were isothermal brazed 

940“f tor 12 hours " Ths**tast “ssd In s vacuum furnacu at 

and mschlnlni! the end^ lestlirdfr n specimens «aa 4 Inches after liottliiB 

in the tash 5 erlpX; tisrieotlor ‘h» »» <iescrlhed 

merited In table 48 and th^ and test reanlts are aum- 

taoie so, and the tailed specimens ate displayed In figure 94. 

twisted suaitlf S aPPtoachee Its maximum value, the specimen 

o"rl:::1han^^/4^““^ 

only parfortrLrtrr„gru^“lcto^ “L'btaterrt f i*’'"'"' 

skin exhibited a crlppllng-type failure, but did not cracker disbond?*" 

stresie“MI“h? Lll'IIIIuroI'Ih? T" 

failure stress of the reinforced configuration (126 5 ???? J k 
hlhher than that for unrelntorced specILII I? tis^'I. ^ 


Weight/Cost Study 

baseli^e'^I;nr?infoJJer7a7el aorth^I^i rJ^f*" "“^Parlson was made between a 
task 7 confifiuratlon for <irij a *^‘^inf«rced panel concepts. The basic 

20 in. wide 48 n 7 surtace hat-stif feued skin p'anel 

crown ol ?he “Itf (a;ulr?5??“ «l"f°P‘-.m.n,t location was on the 
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that all three dealRna Incnri, orating Tl-15^1 «l f" ^ 

Choorntlcal weight anvlngn nler“h"“o™ventLll fri '■''""'‘"•'•"'‘If 

rnlnforcnd a|.„twnldod panel la nbont 9 par.-™" Ight. r thirtr 

panel and the unreinforc ed brazfd nn«iai ‘ * *■»«« t-ht* ‘ oiiventlona I 

liRhter. The reinforced ^onflBuratlon) la 16 percent 

ddvlnga. 22 l.nrcnnt 7 ov« t^rlnvnntlnnartJtLr 

forced brazed configuration as the »>«««?? Iftanlum panel. Viewing tin* unreln- 
la lighter. ^“ration as the baseUne. only the reinforced brazed panel 

tl»e MMC" aelecUve^'*?einfo^cemeit'"J^ scaling up 

full size Wing panelfor fscv J Itanium atructure to fabricate a 

tlon of task 7 Ls used! tltS ^he ^el^Jolc «ing panel conflgura^ 

hats as depleted in f leurr 95 p the crown of the 

forced conUpts are vIok d !s’ro!«h^ord T''" selectively rein- 

of the lack of faniiljHrltv with MMC estimates because 

pares projected costs, based fauantiJv ot 

concepts and baseline unrelnforced^panels^ the MMC-. re in forced 

brazed reinforced panel concents are rpuno costs of the spotwelded and 
60 pnrcnnt higher Ln thn^^SiLt^inri-Hw^nn;!?"^^^ 
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1AW.E 45. ^ WEK;HT comparison OF A Tl-i 5- i XKK-Sn FFENFl) 
Kl.hMENT REINKORCKD Wf l'H MMC 



Joining Mitftod Hoii Tfwt* UiKiiption 


liothirmal 
Brail <Baialjna) 

Spoiwald** 


Liquid Intarfaca 
Dlffuiion Bond 


MMC Rainforcamant 

~r ■ Optimiiid 

Width Thicknm Pmil Langth 


Attar 

Braiing 

Bifora 

Wilding 

Attar 

Bonding 


SC8-6/TI-6'4 

(3Sv/o$IC) 

SCS-6/Tifi4 

t35v/oSlC) 

SCS-2/6061 Al 
<4Sv/oSiC| 


•Agid at 940“F tor t2 houri. 

Maximum ipotwtid tpacing to pravant intar-wild buckling ■ 1 -3/16 i 









TABU- 46. - SUMMARY OF SHFAR STKKNGTH AND MKTAU-URCICAF 
FRATURKS OF SPOTWKLDS 


Two Sheet 
Combinations 

Avg. 

Shear* 

(lbs) 

0.040 ln.Ti-64(Ann.) 
to 

0.063 in.Ti-15-3(Agad) 

2890 

0.063 in. SiC/Ti-6-4 
to 

0.063 in. TMS-3 (Aged) 

1820 

1 

(High Nugget 
Penetration) 


0.063 in. SiC/Ti-C4 
to 

0.063 in.Ti-15-3(Aged; 

1560 

(Minimum Nugget 
Development) 



Nuggit Dm. 


Mix. 

Pinitritlon 


Intirnil Quillty 


72 70 ClHf 

.199 0.209 

87 84 (Raf. figure 88) 


0.229 88 84 SiCfiberiditplaced with some fracturing 

9 0.163 57 44 Shrinkage cricki around fibtri neir middle of 

weld nugget. 

(Ref.figuret90,91,92) 


Solid state bond at interface, slight melting 
N/A within composite 

Minimal SiC fiber distortion 

No shrinkage cavities evident 
(Ref. figure 93) 


*Slngle spot specimens 1 in wide with 1 in. overlap. 
































lABI.h 47. - ROOM TEMPERATURE COMPRESSION TEST RESULTS OF METAL MATRIX 
COMPOSITE TEST COUPONS AFTER VARIOUS PROCESSTNO CYCLES 




Conditlon(3l 


Suckling SlrcH 
(kill 


Initial Tangant 
Modului (Mil) 


Ramarki 


Ai'labricitid 

Ai-fabricatid 


Brata Cycla 
Braca Cycla 


Braza Cycia * Aga 
Braza Cycla Age 


UMC/Ti-15-3 

MMC/TM&-3 


Braza * Aga 
Braza Aga 


Affabricatad 

At'fabricatad 


Failed in ia^up 


Langthwlta bbw 0.085 in. 
Langthwita bow 0.081 In. 


MMC/TM5.3 

MMC/Ti-15-3 


Braza -r- Aga 
Braza * Aga 


Langthwiie bow 0.040 in. 
Langthwita bow 0.040 in. 


MMC/TI-15-3 

MMC/Ti-15-3 


Spotwald (5/8 in. pitch) 
Spotwetd (5/6 in. pitch) 


Ti-fi4/Ti-15-3 

Ti-6-4/Ti-15-3 


Spotwald (5/8 in. pitch) 
Spotwald (S/8 in. pitch) 


MMC/Ti-15-3 

MMC/Ti-15-3 


*Rai. Bond (3/B in. pitch) 
*Rat. Bond (3/8 in. pitch) 


MMC/Ti-15-3 

MMC/Ti-15-3 

MMC/Ti-15-3 


•Rat. Bon'i (6/S in. pitch) 
•Rat. Bo’id (5/8 in. pitch) 
•flat. Rnnd i5/8 in. pitch) 


Fifft number in 10 idantifiai original MMC panel number. Specimen Conllgurationi: Figure A8. 

MMC - 0.063 in. SiC/Ti 64 (B-piy, 30m/o); Ti-15 3 = 0.063 in.; 11-64 = 0.040 in. 

* Age = 940«F ■ 12h in vacuum. (Note: Ti-15-3 portion of all ipntwald couponi iiaged prior to uotwaldlno) 
Raferi to retistanca tpotbond of tabia 46 with zero nugget penetration. 'Pol^-'dlng). 














































TABLE 4d. ~ ANALYSIS AND TEST RF:SUJ,TS OF ROOM TEMPERATURE SHORT COLUMN CR I PPL I NO 
TESTS OF SELECTIVELY REJNFORCED SK1N/STRLR;KR ELEMI:NTS 



1 

Spec. 

Initial Buckling Strmi 
(pti) 

Failure Strata 
(piO 


Oatcription 

ID 

Calculated 

Tait 

Calculated 

Teat 

Commantt 

TM5*3itringar 
Ti-6-4 akin 

SiC/Ti-64 rainforcement 
Brazad with 3003 A 1 


1t6/)00 

120,000 

128,700 

125,600 

Specimen twitted aliphtly juat batora it 
reached maximum load. Showed lome 
evidence of aeparation et both brata 
intarfacai. 



m.000 

100,000* 

128,600 

127,300 

Showed no vltible evidence of aeparation 
at either braze interface before failure. 


Baud on viiual obiervation, not on iirain gage data. 
Note: All ttraa;ei are averaged. 






TAUI.K 49. ~ THKORKTfCAL WKIGHT COMPARISON OF MMC-'RFINFORCKI) 
AND BASFMNF WINt; PANKI. CONCEPTS 


PtntI Diuription 
<20 by 48 in. with 4 itringiri) 


BRAZED PANEL 
Ti‘1S-3 Stringin, t = 0.080 in. 
Ti-64 Skin, t > 0.070 in. 


Thto'itiMi Wiight 


Lb 


Parccnt Chingi 


Rivittd Bntlint 


24.4 


-16% 


Bruid Biitlin* 


RIVETED PANEL 
T[-64 Stringers, t > 0.080 in. 

Ti-64 Skin, t > 0.09S in. 

SPOTWELOED REINFORCED PANEL 
Ti-l5-3 Stringers, t « 0.080 in. 

Ti-64 Skin, t = 0.076 In. 

SCS-6/Ti-64 Reinforcement, t ■ 0.063 in. 

BRAZED REINFORCED PANEL 
Ti-15-3 Stringers, t « 0.080 in. 

Ti-64 Skin, t « 0.048 in. 

SCS-6/Ti-64 Reinforcimint, t = 0.063 in. 


29.0 


26.3 


-9% 


!ld% 


+ 8 % 


22.6 


- 22 % 


-7% 




Mitiriil 

Strinnir/Skln 


Ti-64/Ti-64 


TH5-3/Ti-64 


Ti-163/Ti-64 Til6-3/TI-64 

(SiC/TI-64 fttinlorcid) (SiC/Ti64 Rtinforcidl 


Fibricitien Method 

•Hot Form, 
Rivet 

•Cold Form, 
liothirmil Brize 

Cold Form, 
Isothirmil Brize 

Cold Form, 
Spotwild 

Ricurring Costi 1$) 


1347 

3340 

3106 

Nonricurring Costs. Amortized ($) 


264 

276 

46 

Total Unit Cost ($) 


1631 

3616 

3152 

A Cost vs. Basilina 

Baseline 

-26% 

+56% 

+36% 

Implementition Cost IS) 



16140 

26449 

27613 

4626 

— 


Ptnil Size 20 by 46 inchis with 4 stringers. 

Quintity: 100 

*Dite from tisk 7, tibia 44. 
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Figure 91. - Photomicrographs of the Ic gitudinal section through^ the 
center of the spotweld betv^een Ti-15-3 and SiC/Ti-6-4- 
Note bending of the SiC filaments. 
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CONCLUDING REMARKS 


Low-cnst methods for titanium structural fabrication using advanced 
cold-formable beta alloys have been studied for use in a Mach 2,7 supersonic 
cruise environment. The principal alloy Investigated was Tl»lSV-3Cr-3AI-3Sn 
(Ti-15-3)* and a more limited evaluation of the Ti-3Al-8V-6Cr-4Mo-4Zr (Beta-C) 
alloy was made. Major findings of this investigation were as follows: 

• Solution treated Tl-15-3 has good formabllity in terms of both 
mechanical properties and actual forming behavior. Cold formabllity 
of Tl-15-3 appears comparable with low-strength grades of commer- 
cially pure T1 and much better than Tl-6-4; e.g., their average minimum 
bend radius is 2.4t (Tl-15-3), 3.0t (C.P.-A40), 5.0t (Ti-6-4) . 

• Aged Tl-15-3 displays high mechanical properties over the postulated 
SCV temperature range of -65°F to 600<>F. Beta-C In limited tests 
showed similar characteristics, 

• Ti-15-3 showed exceptionally good high-cycle notched fatigue strength. 
Brazing or cold-working before aging adversely affected notched 
fatigue strength. 

• Fatigue crack growth rates of Ti-15-3 were found to be insensitive to 
prestrain or a salt water environment, while the fracture resistance 
was reduced considerably as a result of prestrain. 

e For fracture toughness considerations, mill annealed Ti-6-4 is superior 
to Tl-15-3 STA sheet at relatively high yield strength levels such as 
above 160 ksl. It is recommended that fracture toughness and notch 
sensitivity versus strength level of Tl-15-3 be further defined. 

e Tl-15-3 and Beta-C were readily TIG-weldable in the annealed condition. 
As-welded and welded plus aged butt Joints achieved full joint 
efficiency with good ductility. 

e A unique low-cost isothermal brazing process has been developed which 
achieves rapid out-of-fumace brazing In an argon atmosphere. 

Tl-15-3 and Beta-C were readily brazed In the annealed condition to 
Tl-6-4 using aluminum brazing alloys, and they responded well to 
post-braze aging. 
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• Structural efficiency of small skin/stringer panels composed of 
cold- formed beta alloy stringers and Ti-6-4 skin joined by isothermal 
brazing was Indicated in short column crippling tests at room tempera- 
ture and 600<>F. 

• Further structural verification of cold-formed, isothermal brazed beta 
titanium structure was obtained in long-column compression at room 
temperature and 500op, spectrum fatigue, and damage tolerance testing 
of large-scale representative wing upper surface panels of an SCV. 

e Cold-formed and isothermal brazed beta titanium fabrication methods 
can save at least 25 percent cost and 16 percent weight over a 
conventional hot-formed and riveted Tl-6-4 assembly. 

• Feasibility of using continuous filament SiC/Tl-6-4 metal matrix 
composite to selectively reinforce a beta titanium skin/stringer 
component has been shown. The reinforced isothermal brazed configuration 
has increased structural capability and weight savings potential. 
Spotweldability was poor and needs further development to eliminate 
local composite degradation. Present costs of the MMC selective rein- 
forcement concepts studied would be prohibitive for many applications. 
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APPENDIX A 

TEST COUPON CONFIGURATIONS 
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Figure A4i - Smooth fatigue 


coupons (K «i.0K 




Flgura A5. - Notched fetlgue coupons (K -2.6), 
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Figure A8. 


Metal matrix composite compression coupons 




REFERENCES 


ln«utu«, D«. 1,70. (AvalLU, 

ot • Fontable Sheet of Tltaniu® Alloy " AFh^- 
Ao’^rsis!') AP'‘l 19”- (Avelleble ftoi’DTira. 

'■ "Development of Economlcel 

(Avelleble from DTIC as AB 775 ssiff’ “*“1» C«FP-. »«e. 1,77. 

«“"J“ Alloys," APML-TR-76-,5. Tlta.,lum 
Metals Corp., TIMET Dlv., August 1976. (Available from DTIC as AD A033 1P7.) 

6. F.A. Crossley and J.M. Van Orden. "A Neu ah... 

Weldments." Metals Dn8l„«rLrS;ar«S“,"“?‘u.''i;7i;^L 

7. R.A. Wood, "Beta Titanium Alloys," MCIC-72-11 Bat^otia rni..»t. 

Laboratories. Ohio, September i,72. (ASalLbU 53,., 

Ze‘w7r’ Bulletin. "Properties of Tl-3Al-8V-6Cr-4Mo-42r." 

(Available from DTIC arAB 758 335, ’ 

10. J.W. Hegemeyer and D.E. Gordon, "Properties of Two Beta TltarH..m aii« 

Several Different Temperatures," Titanium Science and 

"■ s:::::! kk'E^.:: ?:ss-,ss!: - s-iS-i^ssL.,., 

APML-TR-65-171, Part HI. Cruelble Steel Company of America. June, 1,6,! 

“• m“SjiK^c:“rSe^t™b“'j:5?f“ Btructures." 


195 


U Plate." MII.-T-9046H. 

Wright, et al., "Supersonic Cruise Vehicle Technology Assessment 
Study of an Over/Ur.Jer Engine Concept,” NASA CR-159003, 1978. 

n^rr d°“? All-Beta Titanium Alloy (Tl-13V-llCr-3Al)" 

DMIC Rept. 110 (DTIC AD 214002). Bettelle Mem. Inst.! April 17. 1^ 

* of“Tl-6;f45^?^f Temperature Plastic Anisotropy 

T 1 6A1-4V Plate, Metallurgical Transactions. 1979, Vol. lOA, p. 457 . 

Ailovf""Metais"En«^n^"f Influences Formablllty of Aluminum 

Alloys, Metals Engineering Quarterly, 1976, Vol. 16, p. 58. 

S^^s^^her. "New Criteria for Predicting 
Vol. 42!®p. lig?™^"*"® Drawing Sheets," Transactions ASM, 1950, 

Importance of Directionality in Drawing Quality 
Sheet Steel, Transactions ASM, 1960, Vol. 52, p. 154 , * ^ ^ 

IkL '’P°™abllity of Aluminum Alloy Sheets." Transactions of the 

ASME (Journal of Engineering Materials and Technology). January 1975. 

y. Nagpal and T. Altan, "Mathematical Modeling of Sheet Metal Formablllty 
Indices and Sheet Metal Forming Processes," AFML-TR-78-140, Bat telle ^ 
Columbus Lab., October 1978. (Available from DTIC as AD B036 118L.) 

R.G. Hocker, "Weldbraze Airframe Components," AFML-TR-7 7-171 Northron 

S'aoTJ 4?:)“""'"°’^""’ fro^M'irL 

Royster, W.E. Arnold. Jr.. "Development of the Weld- 
Braze Joining Process," NASA TN D-7281, 1973. 

I.F. Sakata and G.W. Davis, "Evaluation of Structural Design Concepts for 
an Arrow-Wing Supersonic Cruise Aircraft," NASA CR-2667, 19/7, 

D.J. Peery, "Aircraft Structures." McGraw Hill Book Company, 1950. 

T.R. Brussat, "Rapid Calculation of Fatigue Crack Growth by Integration " 
aS“ 2^29, ' 1973 “' Mechanics, College Park. Ml).! 


*u.s.uovERNMSMrpmNriNGomcE:t 903 -eao-oofv 39 


